Thermal Conductivity of Ten Selected Binary Alloy Systems
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This work reviews and discusses the available data and information on the thermal conductivity of ten selected
binary alloy systems and presents the recommended values resulting from critical evaluation, analysis, and syn-
thesis of the available data. The ten binary alloy systems selected are the systems of aluminum-copper,
aluminum-magnesium, copper-gold, copper-nickel, copper-palladium, copper-zinc, gold-palladium, gold-silver,
iron-nickel, and silver-palladium. The recommended values given include values of the total thermal conductiv-
ity, electronic thermal conductivity, and lattice thermal conductivity. The uncertainty of the values is generally
of the order of £10%. The values for each of the alloy systems except two are given for 25 alloy compositions:
0.5, 1, 3, 5, 10(5)95, 97, 99, and 99.5%. For most of the alloy compositions, the values cover the temperature
range from 4 K to the solidus temperature or 1200 K. In addition, reliable methods for the estimation of the
electronic and lattice thermal conductivities of alloys have been developed in this study.
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4.8. Gold-Silver Alloy System

The gold-silver alloy system. forms a continuous series of
solid solutions over the entire range of compositions [104].
Possible existence of ordered structures due to the formation
of AgAu, AgsAu, AgsAu; and AgAu; intermetallic compounds
has been reported [183].

There are 39 sets of experimental data available for the
thermal conduetivity of this alloy system. Of the 22 data sets
available for Au+ Ag alloys listed in table 23 and shown in
figure 51, nine sets cover only a narrow temperature range
from 273 to 373 K, which is the highest temperature at which
data exist. Of the 17 data sets for Ag+Au alloys listed in
table 24 and shown in figure 52, four sets likewise cover only
the narrow temperature range from 273 to 373 K, which is
also the highest temperature at which data exist. This alloy
system is one of those in which at first sight the recommenda-
tions seem to be merely extensive extrapolations from a few
scattered experimental curves, but in fact the recommended
values for the electronic component are calculated from an
extensive body of electrical resistivity data and those for the
lattice component are calculated from well tested semi-
theoretical methods.

Thermal conductivities of this alloy system have been re-
ported in five papers [61, 63, 94, 95, and 172]. The measure-
ments by Griineisen and Reddemann [61] (Au + Ag curves 1
and 2 and Ag + Au curves 1 and 2) appear to be the most reli-
able, though there is some uncertainty in the compositions of
their gold-rich specimens. For most of their specimens, sepa-
ration of the electronic component from the measured total
thermal conductivities gives réasonable values for the lattice
component, without much scatter when these k, values are
plotted against the composition. However, the data for their
0.7% Au specimen (Ag+Au curve 1) are questionable. The
resistivities reported by Griineisen and Reddemann for this
specimen are as much as 15% higher than expected, while
separation of the lattice component gives negative values in
some cases. The lattice component for the 15.5% Ag speci-
men is 25% higher than the calculation from eq (35) at 83 K,
but the reported resistivity of this specimen is about 5%
higher than expected for an alloy of this composition; an er-
ror in the resistivity measurement of this magnitude would
account for the disagreement with the result from eq (35).
The separated lattice components for the 62.2 and 35.4% Ag
specimens (Ag + Au curve 2 and Au+ Ag curve 1) show good
agreement with the %, values obtained from eq (35) at 83 K.

The most recent measurements, by Crisp and Rungis [94] '

(Au+Ag curves 12-20 and Ag + Au curves 8-17), cover a
wide range of composition below 300 K. Unfortunately, how-
ever, their measurements seem not to be accurate enough to
give reasonable lattice thermal conductivities. Lattice con-
ductivities of low accuracy were reported from 4 to 30 K for
several alloys in the 0.5-5.0 atomic percent solute range. But
separation of the electronic component from their measured
total thermal conductivities results in negative values for the
lattice component for most of their specimens at 83 and 273
K. In their paper it was mentioned that the separation failed
for the most dilute and the most concentraied alloys; in the

3. Phys. Chem. Ref. Dota, Vol. 7, No. 3, 1978
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former case because the lattice component is only a very
small portion of the total, and because the conductivity
measurements were not suffici
centrated alloys.

Early measurements by Sedstrém [63] (Au+Ag curves
3-11 and Ag+Au curves 3-7) in 1919 yield positive lattice
thermal conductivities at 273 X, but the k, values scatter and
seem to be high.

Van Baarle et al. [95] have measured the thermal conduc-
tivities of 1.26 At.% and 2.92 At.% Au'alloys between 2 and
30 K, but they have reported only the lattice thermal con-
ductivity values. Because only lattice components were re-
ported, the original measurements of Van Baarle et al. are
not included 1n table 24 and figure 52. Below 10 K their lat-
tice conductivities for the 1.26 At.% Au alloy conflict with the
lattice conductivities reported by White et al. [188] for Ag-Sn
allays with 0.14 and 0.3 At.% Sn. The data reported by Van
Baarle et al. in this range are as much as 15% higher than
the lattice components of White et al., which in this report
were assumed to be the values of the lattice component for
“‘pure’’ Ag. In their separation of the lattice component, Van
Baarle et al. did not consider deviations from Matthiessen’s
rule and its thermal analog. As a result, their reported lattice
conductivities are too low at the higher temperatures. At the

ently precise in the very con-
sufficiently precis: Y

* present time, it is difficult to judge the reliability of their

results because total conductivities are not reported and
because the low-temperature results of Crisp and Rungis [94]
which might have been compared are highly uncertain.

Since the Au-Ag system is a non-transition solid-solution
alloy system, for which the calculations from eqs (12) and (35)
should be more reliable, and since the calculated results show
reasonable agreement with the reliable experimental data of
Gruneisen and Reddemann [61}, the recommendations were
almost entirely based on the calculated values. Recommend-
ed values {ur the clectrical resistivity of Au-Ag alloys were ob-
tained from ref. [7]. The experimental values of &, for Au and
Ag used in eq (35) were obtained from White et al. [188]. For
the dilute alloys (0.5-5.0% solute) at temperatures between
40 and 100 K, the calculations were not followed exactly
because calculations of the lattice component of the thermal
conductivity in this range are expected to fall below the actu-
al values. In this composition and temperature range, the k,
values were adjusted upward in such a way as to be consist-
ent with the experimental data for the “"pure”’ element, the
experimental data of Van Baarle et al., and the calculations
for the more concentrated alloys. The only other place in
which calculations were not used directly was at low tempera-
tures where the lattice conductivity data of Van Baarle et al.
[95] made it possible to give provisional values for the 3.00
and 5.00% Au alloys. Although Van Baarle et al. reported
data down to 4 K, the provisional values given in table 22 for
the 3.00% Au alloy have not been extended below 20 K be-
cause of conflicts with the data for ““pure’’ Ag from White et
al. [188]. '

A graphical comparison of the recommended total thermal
conductivities with some of the experimental data is given in

.figures 47 and 48. The smooth solid curves in these figures

were obtained by interpolating the recommended values of
table 22 in order to obtain thermal conductivities for the
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desired alloy compositions. The recommended thermal con-
ductivities show excellent agreement (within 3%) with the
data of Griineisen and Reddemann [61] for concentrated
alloys (Au+ Ag curves 1 and 2 and Ag + Au curve 2). For the
dilute alloy of Griineisen and Reddemann (Ag + Au curve 1)
the agreement is good at 80 K but at lower temperatures the
recommendations show an upward trend and pass above the
experimental data by up to 25%. In this region, the elec-
tronic component constitutes 95% of the total, and it would
require unreasonably large unccrtainties in the electrical
resistivity of the dilute alloys to account for a reduction in the
total conductivity by 25%. Considering the difficulties with
this specimen discussed earlier, it was concluded that the
data were unreliable and no attempts were made to bring the
recommendations into better agreement with the question-
able experimental results.

Thc agreement of the recommended thermal conductivities
with the work of other investigators is in general poor. As
discussed above, the data of Crisp and Rungis [94] are unre-
liable. They routinely differ from the recommendations by
20% and in some cases differ from the recommendations and
the data of Griineisen and Reddemann by much more. For
example, a comparison of the corresponding data of
Griinciscn and Rcddemann (Au +Ag curve 1 and Ag +Au
curve 2) and of Crisp and Rungis (Au + Ag curve 12 and Ag +
Au curve 8) for specimens of similar compositions show
disagreements of up to 25 and 60%, respectively. Never-
theless, some of the data of Crisp and Rungis [94] (Au+ Ag
curves 14, 17, and 20 and Ag + Au curves 9-17) agree with the

1115

recommendations to within 15% or better and are shown in
figures 47 and 48 for comparison. Similarly, the early meas-
urements of Sedstrém [63] often differ from the recommen-
dations by 15-20%, but some of the data (Au+Ag curves
7-11 and Ag+ Au curves 3-7) show better agreement and ap-
pear in the comparison figures. Sedstrom’s measurements
often exhibit a more rapid increase with temperature than
the recommendations.

The recommended values for %, k., and k, are tabulated in
table 22 for 25 alloy compositions mostly covering the tem-
perature range from 40 K to the solidus temperatures. These

~ values are for disordered alloys which have not been severely

cold worked or quenched. For two alloys, with 3% and 5%
Au, the tabulated values cover the range down to 20 K and 4
K, respectively. The &, values are given from 4 K to the
solidus temperatures for all 25 alloy compositions. The values
for k arc also prcsented in figurcs 49 and 50 cxcept for thosc
for 40% and 45% Ag alloys which are not shown in figure 49
for the sake of clarity. The recommended curve for 65% Au
alloy is also shown in figure 50 in order to show more clearly
the systematic variation of the thermal conductivity with alloy
composition. The uncertainties of the & values are stated in a
footnote to table 22, in which the values of residual electrical
resistivity for the alloys arc also given. The uncertainties of
the k, and k, values are indicated by their being designated
as recommended, provisional, or typical values. The ranges of
uncertainties of recommended, provisional, and typical
values are less than +15%, between =15 and *30%, and
greater than +£30%, respectively.

J. Phys. Chem. Ref. Dete, Vol. 7, Ne. 2, 1978
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4.9. iron-Nickel Alloy Sysiem

The iron-nickel alloy system does not form a continuous
series of solid solutions at low temperatures. There is an «
phase bounded on the right by a line extending from 0% Ni
at about 1183 K passing through 9% Ni at 473 K and a y
phase bounded vn the left by a line extending from 0% Ni at
about 1183 K passing through 74% Ni near 473 K. In addi-
tion, there is a martensitic transformation in alloys contain-
ing up to 27 At.% Ni guenched from above about 770 K,
resulting in a metastable a, phase. The phase diagram is fur-
ther complicated by magnetic transitions: at about 1030 K in
the a phase, at about 673 K in the a +y phase mixture, and
on a curve reaching a maximum of 895 K at about 65% Ni
in the y phase. Finally, there is an order-disorder transforma-
tion based on FeNi; covering a wide range of composition,
about 50 to 80% Ni, which has a maximum transition tem-
perature of about 776 K.

There are 99 sets of experimental data available for the
thermal conductivity of this alloy system. However, of the 64
data scts available for Fc + Ni alloys listed in table 26 and
shown in figure 57, 34 sets are merely single data points, and
of the 35 data sets for Ni+Fe alloys listed in table 27 and
shown in figure 58, five sets are single data points and 21 sets
are for temperatures below 4.5 K. Few of these data sets are
on binary alloys and those for the low Ni alloys are presum-
ably not for the equilibrium phase. Since much of the data for
the Fe-rich region is for low alloy steels containing other im-
purities which affect the resistivity as well as the thermal con-
ductivity, essentially it is o that specifies the composition
and the thermal conductivity. In this connection, the provi-
sional values for Fe-3% Ni are from 12% to 15% below the
values for an Fe-3.15% Ni specimen [191] (Fe +Ni curve 64),
measured after this analysis was completed, over the temper-
ature range from 90 K to 400 K. The resistivity of thie
specimen at 90 K is'6.98 uR cm while the residual resistivity
cited for the provisional values is 7.20 uR2 cm corresponding
to a resistivity of 8.67 uQ cm at 90 X, a value 20% greater
than that for the Fe-3.15% Ni specimen. Accordingly, the
tabulated values should be used with caution taking account
of the resistivity of the material.

For Fe + Ni alloys, no specimen containing less than 3% Ni
was measured below 100 K. The conductivity-composition
curve for 300 K was constructed based on the data of Powell
and Hickman [96] (Fe +Ni curves 3 and 4), of Kohlhaas and
Kierspe [97] (Fe + Ni curves 30, 31, and 63), and of Ingersoll
et al. [98] (Fe +Ni curves 7-16). The specimens reported in
[96] and [97] were well annealed, and the electrical resistivity
measuremente were consistent with the thermal conductivity
results. No heat treatments were mentioned about the speci-
mens of Ingersoll et al., but their results are the only system-
atic measurements made on a number of alloys covering a
wide range of composition. The data of Ingersoll et al. thus
provided important information on the variation of thermal
conductivity with composition. The electronic thermal con-
ductivities calculated from eq (12) were found to be un-
reliable for some temperatures and compositions: those alloys
containing more than 20% Ni at temperatures above 300 K.
Both the total k values and the calculated values of &, at 300
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K were plotted on a conductivity-composition graph and the
differences between k and k. were taken as k,. The k, values
at lower and higher temperatures were obtained by extrapola-
tion - according to the appropriate. theoretical temperature
dependence. Except for those alloys containing more than
20% Ni at temperatures above 300 K, the total conductivity
was obtained by adding the extrapolated k, to the calculated
k.. For those alloys containing more than 20% Ni at tem-
peratures above 300 K, the extrapolated k, values were sub-
tracted from the values of the total conductivity derived from
the experimental data to obtain the values of k.. In the proc-
ess of calculating the electronic thermal conductivity, the
correction due to the thermoelectric power was not made at
this time because anomalous variation of thermoelectric pow-
er with composition at 260 °C was reported by Wang et al.
[103] which requires further study. Since the corrections
would be small, no more than 0.2% for all compositions ex-
cept for the 30% Ni alloy, for which it comes to nearly 1% at
260 °C, the total thermal conductivity should not be in too
large an error without this correction.

For Ni+Fe alloys, the conductivity-composition curve for k,
at 300 K was extrapolated from the Fe+Ni part to the Ni+Fe
portion using the k value of Moore et al. [187] (Ni+Fe curve
36) for an alloy with 75.93% Ni as a reference point. That is,
the sum of the extrapolated k, value at 75% Ni and the k.
valu€ calculated from the selected electrical resistivity for this
composition was required to approximate the Moore et al.
value. The k, values for all compositions from 4 to 1100 K
were calculated from the selected electrical resistivities, and
the k, values at 300 K were extrapolated to higher temper-
atures following the temperature dependence of eq (35). At
low temperatures, all data [81,100,105,106] indicate that k, is
proportional to T, and the k, values were extrapolated to
higher temperature to join thc k, valucs cxtrapolated from
300 K to lower temperatures. The total thermal conductivity
for each composition was then obtained by adding %, to k.,
except below 60 K for alloys containing 5% iron or less. The
respective Qo values were obtained based solely on the ex-
perimental data of ref. [81]. The correction due to the ther-
moelectric power, which would be no more than 2% of the
total thermal conductivity for any composition at any tem-
perature, was not made at this time for the same reason as for
the Fe+Ni alloys. The recommended values are for totally
disordered alloys only; there may be an order-disorder trans-
formation in Ni+Fe alloys over a wide range of compositions.

A graphical comparison of the recommended total thermal
conductivity values with selected experimental data is given
in figures 53 and 54. The smooth solid curves in these figures
were obtained by interpolating the recommended values of
table 25 in order to obtain thermal conductivity values for the
desired alloy compositions. For ironrich alloys shown in
figure 53, the recommended values are in agreement with
the data of Chari and de Nobel [99] (Fe+Ni curve 1), of de
Nobel [100] (Fe+Ni curve 35), and of Kohlhass and Kierspe
[97] (Fe+Ni curves 30 and 31) at low temperatures to within
10%, and with the data of Powell and Hickman [96] (Fe+Ni
curves 3 and 4), of Bicklund [101] (Fe+Ni curves 24 and 25),
and of Watson and Robinson [102] (Fe+Ni curves 19, 26, 28,
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29, and 62) ai higher temperatures to within 12%. For
nickel-rich alloys shown in figure 54, the recommended
values agree with the data of Berger and Rivier [107] (Ni+Fe
curve 7), of Farrell and Greig [81] (Ni+Fe curves 12-14), and
of de Nobel [100] (Ni+Fe curve 35) at low temperatures to
within 5%, and with the data of Shelton and Swanger [108]
(Ni+Fe curves 3-5), and of Moore et al. [187] (Ni+Fe curve
36) at higher temperatures to within 10%.

The recommended values for %, k., and k, are tabulated in
table 25 for 25 alloy compositions, for most of which the tem-
perature range covered is from 4 to 1100 K. These values are
for disordered alloys which have not been severely cold
worked or quenched. The values for & are also presented in
figures 55 and 56. The recommended curves for Ferich alloys
containing 35 to 45% Ni are also shown in figure 56 in order
to show more clearly the systematic variation of the thermal
conductivity with alloy composition and to clarify the confu-

1133

sion in figure 55 due to crossover of curves. No values are
given at temperatures above 1100 K at this time since there is
a phase transformation in iron at 1183 K and it is as yet not
known what effect such a transformation has on the lattice
thermal conductivity of these alloys. It is noted that at high
temperatures the differences between the k values of 5% and
10% nickel alloys are rather large. This is caused by the
discontinuity of the Curie temperature at 5.5% nickel, where
it drops from 1038 K to 677 K as nickel content increases
[104]. The values of residual electrical resistivity for the al-
loys are also given in table 25. The uncertainties of the k

“values are stated in a footnote to table 25, while the uncer-

tainties of the k, and k, values are indicated by their being
designated as recommended, provisional, or typical values.
The ranges of uncertainties of recommended, provisional,
and typical values are less than +15%, between +15 and
+30%, and grcatcr than £30%, respectively.
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THERMAL CONDUCTIVITY OF BINARY ALLOY SYSTEMS

4.10. Silver-Palladium Alloy System

The silver-palladium alloy system exhibits complete solid
solubility and is analogous to the copper-nickel alloy system,
but without the complications of ferromagnetic effects and
with an electronic specific heat that is better behaved [109].

There are 32 sets of experimental data available for the
thermal conductivity of this alloy system. However, of the 18
data sets availabel for Ag+Pd alloys listed in table 29 and
shown in figure 63, six sets are merely single data points, and
of the 14 sets for Pd+Ag alloys listed in table 30 and shown in
figure 64 seven sets are single data points.

This alloy system is the most extensively studied among the
noble metal-palladium alloy systems, but the only reliable ex-
perimental data on thermal conductivity are the low tempera-
ture measurements by Kemp et al. [110] (Pd+Ag curves 6-8
and Ag+Pd curves 6-14), Tainsh and ‘White [111] (Ag+Pd
curves 16-18), and Fletcher and Greig [84] (Pd+Ag curves
11-14). The early measurements by Schulze [93] (Pd+Ag
curves 1-5 and Ag+Pd curves 1-5) of the room-temperature
thermal conductivity of these alloys at intervals of 10% gave
values that are considerable above the actual values in some
cases. Even after correcting for the lattice component, the
Lorenz ratios corresponding to Schulze’s values for the 60,
70, and 80% Pd alloys are respectively 30, 44 and 35%
greater than the classical value; it is unlikely that band struc-
ture effects could cause such large Lorenz ratios in these al-
loys at 208 K. On the other hand, the more recent measure-
ments by Zolotukhin [112] at somewhat higher temperatures
on specimens containing 25 and 50% Ag (Pd+Ag curves 9
and 10 and Ag+Pd curve 15) appear to be too low, in the sec-
ond instance by approximately 25%.

This alloy system is one of the few in which the thermal
conductivity has been measured over a very wide range of
compositions from liquid helium temperatures to 100 K. The
measurements by Kemp et al. were undertaken to obtain fun-
damental information about the electron-phonon interaction,
in particular to scc whether clectrons interact with lattice
waves of all polarizations, to determine the dependence of the
interaction on electron concentration and to deduce, by
interpolation between these and similar measurements on
silvercadmivm alloys, the contribution of the electron-
phonon interaction to the lattice thermal resistivity of silver.
The study revealed the cusp-like behavior of the low
temperature latticc conductivity as a function of composition,
as discusssed in section 2 on Theoretical Background, and
led to additional measurments by Tainsh and White follow-
ing further annealing at higher temperatures to determine
whether or not this behavior was caused by the locking in of
dislocations by solute atoms. While the cusp-like behavior
persisted, it was found that an increase in the annealing
temperaturc from 883 K to 1213 K rcsulted in incrcascs of
30% or more in the lattice thermal conductivities of these
specimens at liquid helium temperatures.

A comparison of the initial values calculated from egs (12)
and'(35) in the region above the lattice component maximum
with the experimental values of Kemp et al. revealed that the
calculated values for the silver-rich alloys were too low, the
total conductivity by as much as 8% and the lattice compo-
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nent by as much as 25%. It was found that both the total and
lattice thermal conductivities could be brought into good
agreement with the experimental data for all compositions
from 2 to 30% Pd by increasing the value of the lattice ther-
mal conductivity of pure silver by 50%. Although such an in-
crease does not require unreasonable values for the Debye
temperature or the Griineisen parameter in the equation
used to estimate the lattice thermal conductivity of the ele-
ments, it raises considerable doubt as to the reliability of
such estimates. While the separation of the electronic and lat-
tice components of very dilute alloys at temperatures above
that of the maximum of the lattice component involves some
uncertainty, a 50% error in the lattice component is unlikely.
Although excellent agreement was obtained for the lattice
conductivities of both 2 and 5% Pd alloys, it was decided, in
view of the conflicting evidence, not to report even provi-
sional values for the lattice thermal conductivity of the dilute
silverrich alloys. In addition, while the measurments of
Tainsh and White established that, in the region below its
maximum, the lattice thermal conductivity of well-annealed
samples is substantially greater than the values obtained
from the first set of measurments, these later measurements
were limited to temperatures below 10 K and to compositions
of 2, 5, and 10% Pd and could, therefore, only serve as a

_rough guide for correcting the values of the lattice compo-

nent obtained from measurements on specimens annealed at
883 K; accordingly, the values for the silver-rich alloys at
temperatures below the maximum are provisional.

The lattice thermal conductivity of the palladium-rich al-
loys of this system was investigated by Fletcher and Greig,
who measured the thermal conductivity of specimens contain-
ing 5, 10, 15, and 20% Ag from liquid helium temperatures to
about 100 K. Their study showed that the strong electron-
phonon interactions in these alloys greatly reduce the low
temperature lattice thermal conductivity, causing its maxi-
mum to occur at much higher temperatures than in the
silverrich alloys. The increase in the temperature of the max-
imum of the latticc component is even greater than that
shown in their graph because, at the higher temperatures, the
method used to separate the electronic and lattice compo-
nents yields values of the latter which are below the true
values by an amount which increases with temperature, so
that the lattice components of these alloys are still increasing
at 100 K. This is consistent with the temperature of the max-
imum of %, (100 K) dcduccd from thc mcasurcments by Kemp
et al. on a specimen containing 30% Ag. Since the measure-
ments on the Pd-rich alloys did not extend to temperatures
above those of the lattice thermal conduectivity maxima, the
values of the lattice component in this region were obtained
by smoothly joining plots of the values deduced from meas-
urements to those calculated from eq (35). In doing this we
were guided by the shapcs of the latticc thcrmal conduetivity
curves of the analogous Cu-Ni alloy system.

A graphical comparison of the recommended total thermal
conductivity values with some of the experimental data is
given in figures 59 and 60. The smooth solid curves in these
figures were obtained by interpolating the recommended
values of table 28 in order to obtain thermal conductivity
values for the desired alloy compositions. For silver-rich
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alloys shown in figure 59, the recommended values are in
agreement with the data of Kemp et al. [110] (Ag+Pd curves
6, 8, 9, and 11-14) to within 7 to 12%. For palladium-rich
alloys shown in figure 60, the recommended values agree with
the data of Kemp et al. [110] (Pd+Ag curve 7) to within 5%,
and with the data above 10 K of Fletcher and Greig [84]
(Pd+Ag curves 11-14) to within Sto 7%.

The recommended values for k, %,, and k, are tabulated in
table 28 for 25 alloy compositions covering the full range of
temperature from 4 to 1200 K for most cases. These values
are for alloys which have not been severely cold worked or
quenched. The values for k are also presented in figures 61

J. Phys. Chem. Ref. Data, Vol. 7, No. 3, 1978
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and 62. In order to show more clearly the systematic variation
of the thermal conductivity with alloy composition and to
clarify the confusion in figure 62 due to crossover of curves,
the recommended curves for palladiumrich alloys with 55 to
65% Pd are also shown in figure 61. The values of residual
electrical resistivity for the alloys are also given in table 28.
The uncertainties of the k values are stated in a footnote to
table 28, while the uncertainties of the k. and k, values are
indicated by their being designated as recommended or pro-
visional values. The ranges of uncertainties of recommended
and provisional values are less than +15% and between 15
and +30%, respectively.
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5. Conclusions and Recommendations

As evidenced by the exhaustively compiled experimental
thermal conductivity data presented in this work for the ten
selected binary alloy systems which are among those investi-
gated most extensively, it is clear that even for these alloy
systems serious gaps still exist in the thermal conductivity
data for both the temperature and composition dependences
and that most of the available data are widely divergent and
subject to large uncertainty. The resulting rccommended
self-consistent thermal conductivity values that cover the full
range of composition and temperature, therefore, go far
beyond the limited experimental data.

In addition to the total thermal conductivity, recom-
mended: values are given also separately for the electronic
and lattice components, for the very procedure used in the
present study is bascd on the existence of the two components
of thermal conductivity and the need to trace the dependence
of each component separately on temperature and composi-
tion. If there is a dispute about the separation of the con-
ductivity into components, the present work will help to
clarify the matter, for it looks, for the first time, at the totality
of the existing data, and points out what is necessary to
reconcile it. By giving thc. scparatc componcnts, this work
makes it possible for the reader to trace the procedure used
to generate the recommended values, and makes it possible
to estimate the effects on thermal conductivity of changes in
electrical resistivity and changes due to imperfections which
primarily affect the lattice component. Furthermore, by
pointing out the relative contribution of each component,
this work allows the reader to judge how critical come of the
approximations are in different temperature regions.

The recommended values are for alloys which are not or-
dered and have not been cold worked severely; the values
would be higher for ordered alloys and lower at low tempera-
tures for cold-worked alloys. For each of the alloy systems ex-
cept two, the recommended values are given for 25 alloy com-
positions, which greatly facilitates interpolation for alloye
with intermediate compositions.

The recommended values are based upon both the critical-
ly evaluated, analyzed, and synthesized experimental data
and the calculated values generated by using the methods
developed in this study for the calculation of the thermal con-
ductivity of alloys. The methods developed are essentially
semi-empirical since they require experimental information
as input for calculations and adjustments. The reliability of
the methods has been extensively tested using selected key
sets of experimental data, which are considered reliable
through critical evaluation and analysis, on alloys in the
various binary alloy systems.

The method for the calculation of the electronic thermal
conductivity is applicable for all temperatures to all types of
binary alloys: non-transition, transition, solid solution, mech-
anical mixture, ordered, and disordered. The method for the
calculation of the lattice thermal conductivity is applicable
only to disordered solid-solution alloys at moderate and high
temperatures. For ordered alloys, alloys of mechanical mix-
ture, and for solid-solution alloys at low temperatures in the
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region of the lattice conductivity maximum and below, there
is no adequate method available for the calculation of the lat-
tice thermal conductivity, and at present the lattice thermal
conductivity must be derived from experimental data.

In the course of this study, a number of areas where further
theoretical and experimental research is needed are identi-
fied. These areas of further research are recommended and
listed below:

(1) Experimental and theoretical work on band structure
effects in binary alloys of transition elements and noble
elements—in particular measurements on Cu+Pd and Pd +
Cu alloys to determine the validity of large Lorenz ratios
reported for this system.

(2) Development of quantitative theory of impurity en-
hancement of phonon-electron interactions at low
temperatures.

(3) Measurements of alloy thermal conductivity down to
liquid *He temperatures to determine the extent to which
residual dislocations cause the cusp-like behavior of the com-
position dependence of the low-temperature lattice thermal
conductivity.

(4) Development of a theory of low-temperature lattice con-
duction in transition elements and high-residualresistivity
alloys.

(5) Experimental and theoretical efforts on the lattice con-
ductivity outside the region of solid solubility.
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1. Introduction

The primary objective of this study was to critically
evaluate, analyze, and synthesize all the available data and
information on the thermal conductivity of ten selected
binary alloy systems and to generate recommended values
over the widest practicable ranges of temperature and alloy
composition for each of the alloy systems. The ten binary
alloy systems selected are the systems of aluminum-copper,
aluminum-magnesium, copper-gold, copper-nickel, copper-
palladium, copper-zinc, gold-palladium, gold-silver, iron-
nickel, and silver-palladium. Most of these alloy systems are
amvng thuse fur which the largest amounts of experimental
data are available. However, it will become evident that even
for these alloy systems serious gaps still exist in the thermal
conductivity data, as concerns dependence on both composi-
tion and temperature, and that most of the available experi-
mental data show large uncertainties or wide divergences. It
was, therefore, necessary to set additional objectives: (1) to
develop reliable methods for the estimation of the thermal
conductivity of alloys, (2) to determine the extent to which the
methods of data estimation developed in this study are appli-
cable in general, and (3) to identify those areas where further
theoretical and experimental research is needed.

The systems selected include all three different kinds of
binary alloy systems: nontransition-metal and nontransition-
metal systems (aluminum-copper, aluminum-magnesium, cop-
per-gold, copper-zinc, and gold-silver), nontransition-metal

5. Phys. Chem. Ref. Data, Vol. 7, No. 3, 1978

and transition-metal sysiems (copper-nickel, copper-palla-
dium, gold-palladium, and silver-palladium), and a transi-
tion-metal and transition-metal system (iron-nickel). The in-
clusion of this wide range of alloy systems in this study has
tested the broad applicability of the methods developed for
data estimation and synthesis.

The resulting thermal conductivity values presented in this
work include values of the total thermal conductivity, elec-
tronic thermal conductivity, and lattice thermal conductivity.
These values are designated as recommended or provisional
values depending upon the level of confidence placed on the
values and, hence, upon the uncertainty of the values as-
signed. The ranges of uncertainties of recommended and pro-
visional values are less than +15% and between £15% and
+30%, respectively. Some of the lattice thermal conductivity
values are designated also as typical values, of which the
uncertainty is greater than *30%. It should be noted that
most of the resulting values are designated as recommended
values and the uncertainty of the values is generally of the
order of +10% .

The values generated are for alloys which are not ordered
and have not been cold worked severely; the values would be
higher for ordered alloys and lower at low temperatures for
cold-worked alloys.

The methods developed for the estimation of the thermal
conductivity of alloys are detailed in section 2. These
methods have been extensively tested with selected key sets
of experimental data that are considered reliable through
critical evaluation and analysis of the data and the details of
measurement and through careful examination of the inter-
nal consistency of the data and the consistency with other
data. In these methods the electronic and lattice components
of thermal conductivity are estimated separately.

In alloys the principal carriers of thermal energy are elec-
trons and phonons or lattice waves. At low temperatures the
electrons are scattered mainly by solute atoms, and at higher
temperatures the scattering of electrons by lattice waves
becomes significant. The electronic thermal conductivity of
an alloy is calculated from the electrical resistivity and ther-
moelectric power of the alloy and the electrical resistivity and
thermal conductivity of the constituent elements.

At the lowest temperatures the lattice thermal conductivity
of an alloy is limited by the phonon-electron interaction and
phonon scattering by residual dislocations anchored in place
by solute atoms; both of these resistive mechanisms result in
approximately a T? temperature dependence. At somewhat
higher temperatures point-defect scattering and scattering by
dislocation cores cause the lattice conductivity to depart from
its T* temperature dependence, and at still higher tempera-
tures the combination of three-phonon anharmonic interac-
tions and point-defect scattering cause the conductivity to
decrease approximately as T-%. The lattice thermal conduc-
tivity of a solid-solution alloy at temperatures above the
region of its maximum can be calculated semi-theoretically
based upon the Klemens-Callaway theory. At temperatures in
the region of lattice conductivity maximum and below, how-
ever, there is no adequate method available for the calcula-
tion of the lattice thermal conductivity because the knowl-
edge of both the phonon-electron coupling constant and the
residual dislocation densities is lacking, and at present the
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lattice thermal conductivity must be derived from experimen-
tal data.

In section 3 the procedures for data evaluation, analysis,
synthesis, and the generation of recommended values are out-
lined, including the procedures for data estimation using the
methods detailed in section 2. The copper-nickel alloy system
is used as an example for illustration.

The values generated for the total thermal conductivity,
electronic thermal conductivity, and lattice thermal conduc-
tivity of each of the ten selected binary alloy systems and the
experimental thermal conductivity data and information are
presented in section 4. In the discussion of the thermal con-
ductivity of each alloy system, individual pieces of available
data and information are reviewed, details of data analysis
and synthesis are given, the considerations involved in arriv-
ing at the final assessment and recommendation are dis-
cussed, the recommended values and the experimental data
are compared, and the uncertainties in the recommended
values are stated. For each of the alloy systems except two
(aluminum-magnesium and copper-zinc), the values are given
for 25 alloy compositions: 0.5, 1, 3, 5, 10(5)95, 97, 99, and
99.5%, which greatly facilitates the interpolation of values
for alloys with intermediate compositions. For most of the
alloy compositions, the values cover the temperature range

- from 4 K to the sulidus temperature or 1200 K.

At first sight many of the recommendations seem to be
merely extensive extrapolations from a few sets of scattered
experimental data, but in fact the recommended values for
the electronic thermal conductivity are calculated from a
large body of electrical resistivity data and those for the lat-
tice thermal conductivity are calculated from well tested
semi-theoretical methods.

Conclusions of the present study and recommendations for
further experimental and theoretical research are given in
section 5. The complete bibliographic citations for the 191
references are given in section 7.

2. Theoretical Background

In metals and alloys the principal carriers of thermal
energy are electrons and lattice waves, and it is commonly
assumed that the total thermal conductivity is

k=k+k,, (1

where £, is the electronic thermal conductivity and £, is the
lattice thermal conductivity; these are the thermal conductiv-
ity components due to the transport of heat by the elecirons
and by the lattice waves or phonons, respectively.

In most of the pure non-transition metals, conduction by
lattice waves is negligible in comparison with conduction by
electrons at all temperatures, but in alloys the lattice compo-
nent is often comparable to and sometimes even greater than
the electronic component at low temperatures and is not neg-
ligible even at temperatures well above the Debye tempera-
ture in some cases. Hence, in order to estimate the thermal
conductivity of an alloy it is necessary to estimate both the
electronic and lattice components. Since the principal ther-
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mal resistance mechanisms differ in different temperature
regions, it is necessary to devise different methods for mak-
ing predictive estimates in different temperature regions. In
the course of developing these methods a number of specific
areas in which further experimental and theoretical studies
are needed were identified.

2.1. Electronic Thermal Conductivity

In the alloys under consideration at temperatures below
about 25 K the only significant contribution to the electronic
thermal resistivity, ., is the scattering of electrons by solute
atoms, so that the electronic thermal conductivity may be
calculated from the Wiedemann-Franz-Lorenz relationship,

1 1 L,T )

k = ~ - )

M Ve Qo

where W, is the residual electronic thermal resistivity due to
impurity scattering of electrons, Qo is the residual electrical
resistivity, T is the temperature, and L, is the classical theo-
retical Lorenz number and has a value of 2.443x107°V2K-2,

At higher temperatures the scattering of electrons by lat-
tice waves becomes significant. At temperatures between
about 25 K and 100 K the electronic thermal resistivity has
commonly been estimated from the thermal analog of Mat-
thiessen’s rule,

W2= Wzo“}‘ W,FQO/L0T+ Wei, (3)

where W, is the intrinsic electronic thermal resistivity, which
is the reciprocal of the intrinsic electronic thermal conductiv-
ity, k.., of the “‘parent’ element, and Matthiessen’s rule
states that the electrical resistivity is composed of a residual
and an intrinsic component:

e=cote: @

Equation (3) is based on the assumption that the deviations
from Matthiessen’s rule, Ag=p—@o—0:, and its thermal
analog, AW=W ~W .—W.., can be neglected. This is not the
case at higher temperatures; Ap and AW may be significant
even at temperatures below 100 K. These deviations may be
taken into account by assuming that they are related by the
Wiedemann-Franz Lorenz law: Ag/AW—LT, where L is the
Lorenz ratio which may or may not be equal to L,. This
assumption is based on an argument by Klemens [1]' which
may be summarized as follows. .

The intrinsic electrical and thermal resistivities arise from
interactions between electrons and phonons which take elec-
trons from regions of momentum space where there are too
many into regions where there are too few. electrons relative
to the equilibrium concentration. Since the phonon energies
are relatively small, the electron energies are little changed
by these interactions, and their initial and final states must
both lie near the Fermi surface.

! Numbers in brackets designate references listed in section 7.
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In the case of electrical conduction the deviation of the
distribution function from the equilibrium distribution due
to the electric field is proportional [2] to a function, fik), of
the direction of the electron wave vector, the sign of the
deviation depending on the direction of the electron wave
vector. The intrinsic electrical resistivity, ;, is the result of
the motion of electrons in k space through interactions with
phonons to distant regions of the Fermi surface, involving
substantial changes in the direction of k, which is a “"horizon-
tal’’ movement on the Fermi surface.

In the case of thermal conduction, the deviation from the
electronic equilibrium distribution due to the temperature
gradient is proportional to the same function f{k) of the direc-
tion of the electron wave vector but it is also proportional to
the reduced electron energy, n=(E—{)/xT, E being the elec-
tron energy, { the Fermi energy, and x the Boltzmann con-
stant. Thus the sign of the deviation of the distribution func-
tion can be changed not only by ""horizontal’* movemeni on
the Fermi surface but also by changing the sign of n, which is
a “vertical’’ movement through the Fermi surface. These mo-
tions in k space contribute approximately additively to the in-
trinsic electronic thermal resistivify: W. =Wy Wy, Since
flk) is the same for electrical and thermal conduction,
horizontal movement is equally effective in both cases, so
that @; and W, are related by the Wiedemann-Franz-Lorenz
law. Now W, depends on a local property of the Fermi sur-
face and is, therefore, relatively insensitive to changes in the
band structure due to alloying. On the other hand #y;, being
due to motion of the electrons over large distances on the
Fermi surface, is sensitive to changes in its overall shape, par-
ticularly when these changes involve contact with the zone
boundary which effectively short circuits the horizontal
movement. Hence the change in Wy, on alloying is much
larger than the change in Wy, and makes the dominant con-
tribution to the deviations from Matthiessen’s rule. Thus, to a
good approximation, the deviations from Matthiessen’s rule
and its thermal analog are related by the Wiedemann-Franz-
Lorenz Law,

W=e~e)/LT+W., (5)
or

I S (6)
B (0—o)/LT+W,,

In applying eq (6), W.; and g; are taken to be the intrinsic
thermal and electrical resistivities of the virtual crystal ob-
tained for alloys containing ordinary metals, by linear inter-
polation between the values for the elements. For alloys con-
taining transition elements the intrinsic resistivities were
interpolated  according to .Mott’s theory {3,4]. In Mott’s
theory the holes in the d band of palladium, for example, are
filled by the s electrons of the silver atoms. These d band
holes act as traps into which the conduction electrons are
scattered and account for the strong electron-phonon interac-
tion in palladium-rich alloys. These holes are assumed to be
filled when the silver concentration reaches 60 atomic per-
cent so that the intrinsic resistivities for the silver-rich alloys

J. Phys. Chem. Ref. Date, Vol. 7, No. 3, 1978

HO ET AL.

are taken to be those of silver and to increase linearly with
palladium content for alloys containing less than 60 atomic
percent silver.

For most alloys W,; is much smaller than the other term in
eq (6) so that the error introduced in common practice by tak-
ing W.; of the elements to be the reciprocals of their total
thermal conductivities is also small. However, in dilute alloys
of elements which do not have electronic thermal conductivi-
ties comparable to those of the noble elements this error is
significant, and W,, is therefore calculated in this work from
the expression

_ 1 _B_ _B :
Wa= =B = e, )

where f§ is the impurity-imperfection parameter of the ele-
ment. The values of & and f of the elements are available
from ref. [5]? and the values of &, of an element at moderate
and high temperatures are calculated from eq (36). The
values of electrical resistivities of the ten selected binary alloy
systems and their nine constituent elements used in eq (6) are
available from ref. [7].

From the argument leading to eq (6) it is clear that the
value of L used therein should be that for horizontal motion
on the Fermi surface, or for clastic scattering; the values of L
appropriate for use in eq (6) and in the Wiedemann-Franz-
Lorenz law, which one might expect to be valid at high tem-
peratures where phonons scatter electrons through large
angles, are discussed below.

It should be noted that eq (6) may not be valid in some

-cases. If the deviations from Matthiessen’s rule are due to the

fact that two bands of electrons, such as those on the neck
and belly regions of the Fermi surface, contribute significant-
ly to the electrical conduction, then, in general, the devia-
tions from Matthiessen’s rule and its thermal analeg are not
related by the Wiedemann-Franz-Lorenz law.

Significant deviations of the Lorenz ratio from its classical
value can result from band structure effects and from elec-
tron-electron scattering.

The possibility of deviations due to band structure effects
and the difficulties they present may be seen from the follow-
ing. Assuming the existence of a relaxation time, the elec-
tronic transport properties can be expressed through in-
tegrals over reciprocal space of the form

K= W[ 0B~y 22k @
k

which for spherical symmetry [182] reduces to
=1 - ey O
K= s [ [0 ) T(E) (B~ ) —3f ¢4dE. 9

Here % is the reduced Planck constani, v is the electron
velocity, Tis the relaxation time, E is the electron energy, f*is
the Fermi-Dirac distribution function, ¢ is the Fermi energy,

? The recommended values for the thermal conductivities of the elements given in
ref. [5] in some cases are slightly different from those given in ref. [6], and the values
given in ref. [5] are preferred and should be used whenever there is a difference.
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and d4 is an element of a constant energy surface in
reciprocal space. In particular, the absolute thermoelectric
power is given by

1 Kl
ET Ko

(10)

and the Lorenz ration by

_ 1 K K _ 1 K g _
L= o [Ko KOZ] K, o D

Because of the factor 9/°/ E which is large only near ¢, the
usual procedure is to expand each integrand in a Taylor
series about . Retaining only the leading term of the series
leads to the result L=L,—S?, where Lo is the classical
theoretical Lorenz number. The values of L obtained from
this result arc used in cq (6) to give the equation employed in
our calculations:

k= —————1—— (12)

e—e: )
(LO__SZ) T +W;‘

The values of absolute thermoelectric powers of the ten
selected binary alloy systems used in eq (12) are available
from ref. [40]. :

There is some question about the choice of L, in the case of
transition-element alloys. The difficulties occur also in the
treatment of the pure transition metals, and will be reviewed
briefly in that context.

If, as in the case of some transition metals, a narrow band
with a high density of states overlaps the conduction band at
the Fermi energy, then at high temperatures it is necessary to
include higher order terms in the series and this will cause a
deviation of the Lorenz ratio from the classical value. It is
possible, at least in principle, to evaluate the second order
terms from the thermoelectric power and the series expansion
for the electrical conductivity (see Williams and Fulkerson,
1969 [8, pp. 443-7]). However, if the relaxation time is a
strong function of energy, as is the case in transition metals
on the assumption [9] that it may be written as the reciprocal
of the product of the density of states and a scattering proba-
bility per unit time, then a Taylor series expansion about {
may not be adequate to represent the integrand over the
energy range xT at high temperatures. In such cases the in-
tegrals must be evaluated numerically. This has been done
for Pd [10] and reasonable agreement between theory and ex-
periment was obtained; the discrepancies were presumably
due 10 electron-electron scattering [11, p. 412] which occurs
in both ordinary and transition metals. In ordinary metals,
normal electron-electron scattering, in which electron quasi-
momentum is conserved, contributes to the thermal resistiv-
ity but not to the electrical resistivity and thus causes a
negative deviation of the Lorenz ratio. Such a deviation has
been observed in Cu [12,13]. In transition metals normal
electron-electron interactions between s and d band electrons
contribute to the electrical resistivity as well as to the thermal
resistivity; these processes are very strong [14,15] and are
generally thought to be responsible for the T2 temperature
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dependence of the electrical resistivity observed in these
metals at low temperatures. The deviation of the Lorenz ratio
due to electron-electron scattering may either enhance or par-
tially cancel the effects of band structure. The latter appears
to be the case in the group VIII elements [16]. The deviations
of the Lorenz ratio of transition metals due to band structure
effects are significant and cannot yet be calculated directly;
further, in order to calculate correlations between the elec-
trical resistivity and the Lorenz ratio, the density of states
function of the material must be known and there are diffi-
culties in including the effects of eleciron-electron scattering
in such an analysis.

The Wiedemann-Franz-Lorenz law is valid in alloys at very
low temperatures where one need consider only impurity scat-
tering, and in both metals and alloys at high temperatures
where phonons scatter electrons through large angles. Equa-
tion (12) was devecloped in order to calculate the electronic
component at intermediate temperatues. However, as is clear
from the preceding discussion, in the case of transition-metal
alloys there is considerable uncertainty about the values of
the Lorenz ratio to be used in the Wiedemann-Franz-Lorenz
law at high temperatures. The method tried was to interpo-
late for the deviation from the classical value on the basis of
the questionable assumption that the net deviation resulting
from band structure effects and s-d electron-electron scatter-
ing is proportional to the number of holes in the d band. It
was found that in the Cu-Ni system the resulting values of k.,
nowhere differed from those obtained from eq (12) by more
than 5 percent and it was decided to use eq (12) over the en-
tire temperature range above 25 K.

In view of the uncertainties associated with eq (12), it is
reassuring that the values obtained from it have been found
to be in good agreement with the values of the elecironic
component obtained from experimental values of thermal
conductivity considered to be reliable on the basis of the
usual criteria.

While a considerable amount of effort has been concen-
trated on the study of deviations from Matthiessen’s rule, far
less attention has been given io their relation to the devia-
tions from its thermal analog [1,17,18,185]. Work in this area
is hindered by the failure of many authors to include the cor-
responding electrical resistivity data when reporting thermal
conductivity values. Further work in this area would help to
determine the limitations of eq (12) and very probably lead to
improvements on it.

2.2. Lattice Thermal Conductivity

The processes limiting lattice conduction are different in
the temperature regions below, about, and above the temper-
ature at which it has its maximum value. At very low tempera-
tures, typically below one twentieth of the Debye tempera-
ture, 6, these. are the ordinary and impurity-induced
electron-phonon interactions, and in strained specimens,
phonon scattering by dislocations. These processes are also
important in the temperature range in which the lattice com-
ponerit has its maximum value, typically between 6/20 and
0/5 for alloys of ordinary metals but considerably higher for
some transition elements, but in this region point-defect scat-
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tering and three-phonon anharmonic interactions also con-
tribute to the thermal resistivity. At temperatures above this
region the important resistive processes in alloys of ordinary
metals are three-phonon anharmonic interactions and point-
defect scattering; in alloys containing transition metals the
effect of electron-phonon interactions may also be significant
in the lower portion of this temperature range. This third
region is the only one in which it is possible to estimate the
lattice component on the basis of present theory.

a. Low Temperature Region

The problem of calculating the coupling constant for the
electron-phonon interaction is a very difficult one even in the
simplest cases; in fact, measurements. of low temperature
alloy termal conductivity were initially undertaken to obtain
information about this interaction. From results reported by
Lindenfeld and Pennebaker [19] for Cu alloys it appeared
that it might be possible to estimate the lattice component
from electrical resistivity data on the basis of present theory.
This did not prove to be the case. It was found that values ob-
tained from an expression which follows from the equations
in ref. [19] differed from those obtained from measurements
by as much as a factor of three. It is almost certain that these
discrepancies are largely the result of the use of Pippard’s
early results [20] which are based on the free electron model;
this simple model is inadequate for most metals and alloys.

At temperatures below 6/20, the lattice thermal conductiv-
ity of a pure ordinary metal may be calculated from an ex-
pression derived by Klemens [21]

313k, T*

k=—————_
g ni g ?

(13)
where n is the number of conduction electrons per atom, 8 is
the Debye temperature, and k,; is the intrinsic electronic
thermal conductivity. Since in this region k., is inversely pro-
portional to T?, k, has a T? temperature dependence. Equa-
tion (13) 1s based on the assumption ot a reciprocal eftect ot
the electron-phonon interaction on electronic and lattice con-
duction and therefore does not apply to transition elements
in which electron-phonon interactians invalving only d band
electrons have little effect on electrical conductivity but may
have a significant effect on lattice conduction. It also does
not apply to alloys in which the electron mean free path is so
short that the usual treatment of the electron-phonon interac-
tion is invalid; typically, these are alloys in which the residual
resistivity is 10 uQ cm or greater.

Hawever, if one attempts to estimate the k, of an alloy from
this expression the value obtained is greater than the exper-
imental value by a factor which increases rapidly with solute
concentration up to approximately 10 atomic percent. A pos-
sible explanation of this behavior is that it is due to phonon
scattering by dislocations which are so strongly anchored by
solute atoms that they remain even after prolonged annealing
at high temperatures. The experimental support for this idea
is some recent measurements on Cu-Al alloys at the Universi-
ty of Connecticut [22] which show that such behavior is not
observed at temperatures below about 0.5K, where the domi-
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nant phonon wavelengths are larger than the range of the dis-
location strain fields so that scattering by dislocations is
greatly reduced [23].

Consequently, at present one cannot make reliable esti-
mates of the k, of alloys at low temperatures and it must be
obtained by stubracting k. from the measured total thermal
conductivity. Further, one can obtain reliable values of the &,
from thermal conductivity measurments only in those cases in
which the corresponding values of electrical resistivity are
given, as there is often a significant variation in the resistivi-
ties of specimens having the same nominal composition. It is
unfortunate that while there is a sizable body of experimental
data showing strong composition dependence of the low-tem-
perature thermal conductivity of alloys, in most cases the cor-
responding values of the electrical resistivity are not re-
ported, so that it is not possible to relate the changes in the
two quantities. Finally, in view of the probability that resid-
ual dislocations are responsible for a large portion of the
thermal resistivity, one cannot reliabily extrapolate curves of
the lattice component down to temperatures below about 1.5
K.

In order to make it possible to estimate the lattice compo-
nent at low temperatures by other than empirical means, it is
necessary to develop both a quantitative theory of impurity
enhancement of the phonon scattering in alloys of ordinary
metals and a theory of low temperature lattice conduction in
transition element and high residual resistivity alloys. It
seems that progress in these directions will involve the use of
Pippard’s more general equations [24] which apply to a non-
spherical Fermi surface, taking into account changes in its
shape with the addition of solutes. However, application of
this theory to transition metals presents a difficult problem.
Since electrical conduction is mainly by s band electrons, the
residual resistivity is a measure of the mean free path of the s
clectrons and provides no information about thc mean frec

path of the d band holes, which is probably very short.
b. Intermediate Temperatures

At temperatures near the maximum of the lattice compo-
nent the resistive processes which limit lattice conduction at
lower and higher temperatures are comparable in magnitude’
and the problem of estimating the lattice component in this

_ region is a formidable one. It is, first, because of the difficul-

ties associated with the electron-phonon interaction discussed
above and, secondly, because the treatment of the resistive
three-phionon anharmonic interaction in this region is com-
plicated by the fact that here the strength of these interac-
tions is a rapidly varying function of temperature.

At present there is no method available for the calculation
of k, in this temperature region. In this work the values of k,

in this region are derived from experimental data and the
calculated values of k..

c¢. High Temperature Region
At temperatures above the region of the maximum of the

lattice component, typically 6/5 for alloys of ordinary metals
but considerably higher for some transition-element alloys, it
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is possible to estimate the lattice thermal conductivity on the
basis of a theory developed by Klemens [25] and Callaway
[26] assuming that the effect of the electron-phonon interac-
tion can be neglected; this is not the case for some transition
elements in the lower portion of this temperature range.

The reciprocal relaxation time for the thermally resistive
three-phonon anharmonic interactions, U-processes, at fre-
quencies not too close to the Debye limit is of the form BTw?
where B is a constant determined from experiment, T is the
temperature, and w is the frequency of the lattice wave. The
reciprocal relaxation time for point-defect scattering is of the
form (¢°/4m®) € w* where a® is the average volume per atom,
v is the speed of sound, and ¢ is a quantity which character-
izes the perturbation due to mass defects and distortions of
the lattice. In addition, there are three-phonon anharmonic
interactions, N-processes, which do not contribute directly to
the thermal resistivity but do contribute indirectly by redis
tributing energy from the low frequency modes to the high
frequency modes which are strongly scattered by the point
defects. The reciprocal relaxation time for N-processes has
the same form as that for the U-processes and, as argued by
Klemens et al. [27], appears to have approximately the same
magnitude in this temperature region.

Since N-processes do not contribute directly to the thermal
resistivity, the effective total reciprocal relaxation time is not
simply the sum of the individual reciprocal relaxation times.
Callaway devised a formalism in which the N-processes are
effectively taken into account for steady state lattice conduc-
tion.

Callaway found that the lattice thermal conductivity is

given by
. x xT 5( 1.2
b= ( > ) I+ ), (14)
where
4,x
(T, *X€
I, Io T, =17 dx, (15)
=freor_Tc x'e
I= T — . (16)
I=yor L (1— T‘) e a7
“C0 1Ty T~ (e*—1p ’

and x and % are the Boltzmann constant and the reduced
Planck constant, v is the speed of sound, and x=#% w/xT is
the reduced phonon frequency. Here 1. is a combined relaxa-
tion time, obtained as the reciprocal of the sum of the recip-
rocal relaxation times for the various interactions, Ty is the
relaxation time for N-processes, and the term I,%/I. occurs
because of the difference between t. and the effective total
relaxation time resulting from the fact that N-processes do
not contribute directly to the thermal resistivity.

Writing the reciprocal relaxation times for point-defect
scattering, U-processes and N-processes as 71, '=Aw?,
Ty '=BTw?, and 1v'=aBTw? respectively, where a is the
temperature-independent ratio of reciprocal relaxation times
for N- and U-processes, the reciprocal combined relaxation
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time when the lattice thermal conductivity is limited by these
interactions is

1 '=w[4w?+BT(1+a)] , (18)
so that
T _ aBT
t~  Aw+BT (1+a) (19)
and
1 (__ T \_ 3 ( _ aBT
= \! m) oBTw” {1 Aw2+BT(1+a1> (20)
_ _oBTw’® (4w’+BT)

Aw?+BT (1+a)

Upon denoting the frequency at which the reciprocal relax-
ation times for point-defect scattering and U-processes are
equal by wo, noting that we*=BT/A, and introducing the

reduced frequency x=kw/xT, so that x¢=hw/xT, these rela-
tions become:

17'=BTw*(1+a+w?/we*) 21

2
=BT (xf?) 22(1+a+x2/x4%),

Te a a

T = 1+atw? /we? = 1+a+a?/xe* ° 22
and
1 T _ aBTw*(1+w?/we?)
I~ (l TN) I+ at+w?/we? (23)
_ xT \* ,  (1+x*/x0?)
aBT< 3 ) x 1+a+x?/x0?
Thus, for the present case, egs (15) to (17) become:
_( K 1 L ur x2?e*dx
I= <xT) BT Jo (e 1P (14 at 22 /zo%)
_ ( f >2 1 s oT x’e*dx
xT (14+a)BT “° %2
7 [zt
= (&) g /D) 24
xT ) ()BT @4

xe*dx __ @
—1P (Hat+x?/x0%) (1+a)

L=af,” " 16/T)  (25)

_ ( xT o xbe(1+x%/x0%) dx
I= (T) aBTJ, (=17 (+atx?/xo?)
[16(9/73 + 2O ] (26)

X

-

Substituting eqs (24) to (26) into eq (14) yields
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S S
[2r?hv (1 + a) B) @
al? (6/T)
[12 0D+ 7@+ 1, (9/7)/:;02]
where [, (0/7) is the modified transport integral given by
o x"e*dx
L.@/T=fY - p (28)
(e*— 17 [l+x——————02 aF cr)]

and %o is the reduced frequency at which the reciprocal relax-
ation times for U-processes and point-defect scattering are
equal; that is (see eq (32))

%o = Ao /xT = A Y (20)

Equation (27) is for the lattice thermal conductivity as
limited by both point-defect scattering and three-phonon
anharmonic interactions. In the limit of vanishing point-
defect scattering, when the thermal conductivity is limited by
three-phonon anharmonic interactions only (denoted by £.),
%o becomes infinite so that the modified transport ‘integral
I. (6/T) reduces to the standard transport integral J, (6/7)
and eq (27) reduces to

x

k.= ma—w] []Z(Q/T) +als? (Q/T)/Js (G/T)], (30)

where

JA0/T) =1 xmexdx /(e 1)". 31)

k. is the high-temperature lattice thermal conductivity of an
isotopically pure element; in the case of an alloy it is the lat-
tice thermal conductivity of an idealized ‘virtual’’ crystal in
which each atom has the same average mass and volume of
the alloy. Point defect scattering is that scattering which
results from the fact that the actual atoms do not have these
masses and volumes. The tabulated values for J, are available
from the literature [186].

The quantity ¢ in the expression for the reciprocal relaxa-
tion time for point-defect scattering,

—ew (32)

is calculated from the expression

—_— —_ 2
o [t (5

+ [M]"ZM +y < ”;,V )} 2, (33)
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where M and V are the average atomic mass and volume, y;,
M, and V; are the atomic fraction, mass, and volume of the
lighter element, yu, My, and ¥y are the corresponding values
for the heavier element, and y is the Griineisen parameter. M
is calculated in the usual way, y is obtained by linear inter-
polation, and ¥ is estimated from Vegard’s law,

’3=yV1”3+(1—y)Vg“3, (34)

where ¥ is the atomic fraction of the solute and ¥, and ¥, are
the atomic volumes of the solute and solvent elements respec-
tively. The mass defect terms are based on the results of
Klemens [28] and Tavernier {29] who respectively treated the
case of a light atom in a heavy matrix and that of a heavy
atom in a light matrix. The difference lies in the response of
the atom to the driving frequency of a wave; in the former
casc the atom can respond rapidly enough that the speed of
oscillation may be considered unaffected so that the. pertur-
bation is proportional to the deviation from the average mass
while in the latter case it is better to consider the momentum
as being unaffected so that the perturbation is proportional
to the difference of the reciprocals of the average and impuri-
ty masses. The distortion terms and the form of ¢ are based
on the results of Ackerman and Klemens [30] who redis-
covered the fact, as Carruthers [31] first noted and contrary
to what is often stated, that the displacement field of a spher-
ical impurity in an elastic continuum has a non-vanishing
non-uniform dilation and used a treatment that retained the
phase relationship between the effects of the dilation and
mass defect. Equation (33) does not take into account the
difference, Af, in the force constant due to the mismatch of
atomic bonds; however, neutron scattering and Mossbauer
experiments [32,33] indicate that Af is very small.

The coefficient in eq (27) is the same as the coefficient in
eq (30) and is estimated from the latter. This is done by esti-
mating 6 in the manner described below, estimating k. of the
virtual crystal at some temperature T’ below the Debye tem-
perature, for want of something better, by linear interpola-
tion between the values for the elements, and taking @ equal
to unity; it has been found that the values of k, are not sensi-
tive to small changes in a. Then £, is estimated from the ex-
pression

ke=k(T') x
L©/T)+ 12 (IG/T)/[IG (9/,T) +1s (G/IT)/'xoz] - (35)
J.(6/T)+J26/T'V]s (6/T") ’
which, for a pure element, reduces to
ko= k(T") J2 (0/T)+ J* (8/T)/Js (6/T) (36)

JO0/TY+J206/T)] 68/T) "

Equations (35) and (36) are the equations used in our calcula-
tions for the lattice thermal conductivity of alloys and of pure
elements, respectively. It should be noted that eq (35) applies
only to disordered solid-solution alloys.
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The accuracy of the estimates obtained from eq (35) clearly
depends on the accuracy of the values of k, for the virtual
crystal. Experimental values of k, for the elements, which es-
sentially are the values of the lattice component of very dilute
alloys, are available for only three of the metals included in
this study: Cu, Au, and Ag. However, it was found that the
experimental values for these metals each differed from the
values obtained from the modified [34] Leibfried-Schlomann
[35] equation by approximately the same factor. Accordingly
initial estimates of the values of k, for the other elements
were obtained from this equation multiplied by the reciprocal
of that factor, i.e.,

M& r-

o s
ET =5.7x10 ETG

CY)

where M, 0. v, and V have the same meanings as before. It is
unfortunate that in this equation the Debye temperature is
raised to the third power, as the high temperature values of
the Debye temperature obtained from various physical prop-
erties differ considerably. The values of the Debye tempera-
tures and other parameters used in eq (37) for the nine ele-
ments constituting the ten selected binary alloy systems
covered in this work are given in table 1.

TaBLE 1. Parameters for the calculation of lattice thermal conductivity of
elements using equation (37)°

M 3 Y 6

Element (g mol™') {cm*mol™!) (K)
Aluminum 26.98154 10.00° 2.18° 385
Copper 63.54 7.114 1.97 313
Gold 196.9665 10.22 3.09 160
Iron 55.847 7.094 1.81 373
Magnesium 24.305 14.00¢ 1.63 363
Nickel 58.71 6.593 2.00 355
Palladium 106.4 8.879 2,18 264
Silver 107.868 10.27 246 21¥
Zinc 65.38 9.165¢ 2.05 326

* The values of y and 6 are selected from ref. [36] with some of the values
adjusted in order to be consistent with the experimental thermal conduetivi-
ty data.

¢ In calculating &, the molar volumes used for aluminum were 8.576 and
9.032. The first value corresponds to the size of aluminum atoms in copper
as determined from the change in the lattice parameter of copper upon the
addition of aluminum [37, Vol. 1]. The second value was obtained from the
change in the volume of the primitive cell upon the addition of aluminum to
magnesium as calculated from the changes in the lattice parameters of mag-
nesium upon the addition of aluminum [37, Vol. 2].

¢ In calculating &, the molar volume used for magnesium was 13.77 corres-
ponding to the size of magnesium atoms in aluminum as determined from
the change in the lattice parameter of aluminum upon the addition of mag-
nesium {37, Vol. 2].

¢ In calculating &, the molar volume used for zinc was 8.534 corresponding
to the size of zinc atoms in copper as determined from the change in the lat-

tice parameter of copper upon the addition of zinc [37, Vol. 2].

* This value was not used for the Cu-Ni and Cu-Zn alloy systems (see sec-
tions 4.3 and 4.6).

/ This value was not used for Ag-Pd alloy system (see section 4.10).

While in some cases it was possible to improve on the ini-
tial estimates of k, for some elements on the basis of experi-
mental data for a range of compositions, in others it was not,
and the estimates of the lattice thermal conductivities of
alloys containing the latter elements are accordingly less
reliable than those containing the former. While measure-
ments of the thermal conductivity of very dilute alloys of ad-
ditional elements would make possible more reliable esti-
mates of alloy lattice thermal conductivity, in view of the
uncertainty of the separation of the electronic- and lattice
components of very dilute alloys at temperatures above that
of the maximum of the lattice component, it would also be
useful to have measurements of the thermal conductivity of
some more concentrated alloys of pairs of these elements in
this temperature range.

The value of the Debye temperature, ©, for the upper limit
of the integrals in eq (35) is estimated from the value of &, for
the virtual crystal by means of the modified Leibiried-
Schlémann equation, adjusted to yield values for the lattice
component in agreement with those obtained from experi-
mental data on very dilute alloys as deseribed ahove:

Vs
6= 260 [—(lf%%)jf‘—T] , (39)

where y is the Griineisen parameter, and M and V are the
average molar mass and volume.

Agreement between the values obtained from eq (35) and
those obtained from measurements of thermal conductivity
for the various alloy systems is discussed in the text; in gen-
eral, it was better for alloy systems exhibiting complete solid
solubility. Another general result is that the values from eq
(35) for dilute alloys tended to be too low at the low end of this
temperature range. A possible explanation of this discrep-
ancy is that the present treatment does not take into account
the “‘freezing out’ of U-processes which occurs when the
temperature is reduced to the point at which there are few
phonons having wave vectors of sufficient length to parti-
cipate in such processes. Such a reduction in U-processes
could significantly reduce the thermal resistivity of dilute
alloys but cause only a small decrease in the thermal resistivi-
ty of dense alloys.

The most important deficiency of the present treatment is
that the analysis leading to eq (35) does not include the
electron-phonon interaction, for which an adequate theory
has not yet been developed. It is for this reason that, in the
absence of experimental data, the lattice component of the
transition-element-rich alloys could be reported only at
temperatures above their Debye temperature.

At high temperatures the values obtained from eq. (35) are
nearly the same as those from an approximate expression
derived independently by Abeles [38] and Parrott [39], but
there are significant differences below the Debye tempera-
ture, where the high temperature approximation used by
these authors,

x2e*/(e*—1P=1

ceases to be valid. However, because of a partial cancellation
of errors these differences are much smaller than might be
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expected from the use of the high temperature approxima-
tion. _

The use of eq (35) rather than an approximate expression
for the calculation of the lattice thermal conductivity is to
some extent a reflection of the present availability of high-
speed digital computers. The expression for the quantity ,
eq (33), which takes into account the point-defect scattering
due to both the mass difference and the distortion of the lat-
tice and is first derived and given in the present work, is def-
initely an improvement of the theory.

3. Data Evaluation and Generation of
Recommended Valves

Due to the difficulties in accurate measurement of the ther-
mal conductivity of solids and in adequate characterization
of test specimens, the available experimental data on the
thermal conductivity of solids from the world literature are in
many cases widely divergent and subject to large uncertainty.
It is, therefare, very important to eritically evaluate the
validity and reliability of the available data and related in-
formation, to resolve and reconcile the disagreements in con-
flicting data, and to generate recommended values. For the
thermal conductivity of alloys, furthermore, there are serious
gaps in the experimental data for either the temperature de-
pendence or composition dependence or both. Hence, in ad-
dition to the critical evaluation and analysis of the existing
data, methods for the calculation of the thermal conductivity
of alloys were developed, as detailed in section 2, in order to
generate estimated or synthesized values for filling the gaps
in data and for checking the validity, consistency, and reli-
ability of experimental data. These methods are essentially
semi-empirical and require experimental information as in-
put for calculations and adjustments. The reliability of these
methods has been extensively tested by using selected key
sets of reliable experimental data on alloys in various binary
alloy systems.

In the critical evaluation of the validity and reliability of a
particular set of thermal conductivity data, the temperature
dependence of the data was examined and any unusual de-
pendence or anomaly carefully investigated, the experimental
technique was reviewed to see whether the actual boundary
conditions in the measurement agreed with those assumed in
the theory and whether all the stray heat flows and losses
were prevented or minimized and accounted for, the reduc-
tion of data was examined to see whether all the necessary
corrections had been appropriately applied, and the estima-
tion of nncertainties was checked to ensure that all the possi-
ble sources of errors had been considered.

Experiniental data could probably be judged to be reliable
only if all sources of systematic error had been eliminated or
minimized and accounted for. Major sources of systematic er-
ror include unsuitable experimental method, poor experi-
mental technique, poor instrumentation and poor sensitivity
of measuring devices, sensors, or circuits, specimen and/or
thermocouple contamination, unaccounted for stray heat
flows, incorrect form factor, and perhaps most important, the
mismatch between actual experimental boundary conditions
and those assumed in the analytical model used to derive the

4. Phys. Chem. Ref. Data, Vol. 7, Ne. 3, 1978
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values of thermal conductivity. These and other possible
sources of errors were carefully considered in critical evalua-
tion of experimental data.

The uncertainty of a set of data depends, however, not only
on the estimated error or inaccuracy of the data but also on
the inadequacy of characterization of the material for which
the data are reported. For instance, suppose a set of thermal
conductivity data obtained for a severely cold-worked speci-
men of brass with a composition of 70.06% Cu, 28.77% Zn,
and 1.17% Pb is accurate to within 5% at low temperatures.
If the author knew and reported his specimen only as 70:30
brass, the uncertainty of his data for a 70:30 brass would not
be just 5% but might exceed 20%. It was found in this and
other studies that the chemical composition of a specimen
reported by the author is often unreliable. This may be
because in many cases the stated composition was the result
of ladle analysis which the author obtained from the company
who supplied the specimen and it could at best represent only
the nominal composition; the actual composition varied from
sample to sample. In other cases there was a strong tendency
for only certain elements to be detected by a particular
chemical analysis which could miss other important constitu-
ents. Furthermore, the chemical composition of a specimen
might change when it was measured at high temperatures.
For binary alloys it was found that in many cases the actual
composition of a specimen might better be inferred from its
electrical resistivity if reported.

In the process of critical evaluation of experimental data
described above, erroneous data were eliminated.- The re-
maining data were then subjected to further analysis and
used for data synthesis. For those test specimens for which
experimental data on both the thermal conductivity and elec-
trical resistivity were reported, the electrical resistivity data
were used for the calculation of electronic thermal conductiv-
ity values using eq (12). Lattice thermal conductivity values
were derived as the differences of the experimental k data
and the calculated k. values. These “‘experimental” k, values
derived from different sets of experimental k data were then
intercompared with one another and also compared with the
calculated values from eq (35) regarding their temperature
dependence and magnitude. During these comparisons, the
validity and reliability of the available experimental data
could further be judged. The electrical resistivity data re-
ported for the test specimens on which thermal conductivity
measurements were made were also evaluated critically in
connection with evaluation of all the electrical resistivity data
available from the literature for each of the alloy systems,
from which the recommended electrical resistivity values
were generated.

As detailed in section 2, values of the electronic thermal
conductivity of alloys were calculated from eq (12), which is
applicable to alloys in both the solid solution region and the
mechanical mixture region. In this calculation, the recom-
mended electrical resistivity values for the selected composi-
tions of the present ten alloy systems and their constituent
elements are available from ref. [7], the recommended ther-
moelectric power values are available from ref. [40], the rec-
ommended thermal conductivity values and the values of f8
for the elements are available from ref. [5], and the lattice
thermal conductivity values of the elements used as correc-
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tions in the calculation of W, from eq (7) are calculated from
eq (36).

Values of the lattice thermal conductivity of alloys in the
region of solid solubility were calculated from eq (35). The
values of k, of the virtual crystals of alloys used in eq (35) for
calculations were obtained by linear interpolation between
the values of k, of the two constituent elements. In the initial
calculations, the &, values of elements used for generating the
k, values of alloys were either the experimental values if
available or the calculated values from eq (37). The values of
the Debye temperature for the upper limit of the integrals in
eq (35) were estimated from eq (38). It is important to note
that eq (35) is applicable only to disordered solid-solution
alloys and only for moderate and high temperatures. Beyond
the solid solution region and at low temperatures, the lattice
thermal conductivity was first obtained as the difference of
the experimental total thermal conductivity and the calcu-
lated electronic thermal conductivity. The “‘experimental’ %,
values so obtained were then graphically smoothed and syn-
thesized to obtain the %, values for alloys of the selected com-
positions. In the solid-solution region and at moderate and
high temperatures, the “‘experimental’’ k, values were used
to check the k, values calculated from eq (35). If there were
disagreements and the ‘‘experimental’’ k, values were con-
sidered reliable, the &, values of elements would be adjusted
so that the calculated %, values of alloys were in agreement
with the “‘experimental”” k, values.

In some instances only the total thermal conductivity, ob-
tained by smoothing experimental data, and the electronic
component, obtained from eq (12), are given. In these cases
the user is cautioned against obtaining the lattice component
by subtraction: as this may lead to unphysical values for the
lattice component due to the uncertainties in the tabulated
values.

For alloys not consisting of a continuous series of solid
solutions the values of the thermal conductivity are derived
from the experimental data on specimens in which the solid
solution phase is presumably frozen in. This may not be the
case for all specimens and the results may not be quite repro-
ducible; this is particularly true for the Al-Cu and Al-Mg alloy
systems.. For this reason, the values in the temperature range
in which the phase structure is uncertain are provisional
rather than recommended.

In graphical smoothing and synthesis of data, cross-
plotting from conductivity versus temperature to conductivity
versus composition and vice versa was often used. Smouth
curves were drawn which approximate the best fit to the con-
ductivity data versus temperature, and points from the
smoothed curves were used tc construct conductivity versus
composition curves for a convenient set of selected temper-
atures. In the conductivity versus composition graph, the
families of isotherms were similar and any required
smoothing of thé data could be done more easily and with
greater confidence than when working directly with the
conductivity-temperature curves. The points from the
smoothed curves were then used to construct conductivity-
temperature curves for the selecied compositions, and these
curves were further smoothed. In the graphical smoothing
process it is extremely imporiant that the alloy phase dia-

grams [104,183,184] be constantly consulted and the phase
boundaries between solid solutions and/or mechanical mix-
tures and the boundaries of magnetic transitions be kept in
mind, so as to be aware of any possible discontinuity or
sudden change of slope in the thermal conductivity curves.

The total thermal conductivity values were thus obtained
as the sum of the k. values calculated from eq (12) and the £,
values derived from the “‘experimental” k, values or calcu-
lated from eq (35), which might have been adjusted to fit the
“experimental”” k, values if such values were available and
reliable.

The copper-nickel alloy system is here used as an example
to show some of the input data used for calculations and to il-
lustrate some of the points discussed above. The recom-
mended electrical resistivity values for the Cu+Ni alloys and
for the Ni+Cu alloys are shown separately in figures 1 and 2;
these were used in eq (12) for the calculation of the electronic
thermal conductivity values. These electrical resistivity val-
ues were generated from both the electrical resistivity data
reported for the test specimens on which thermal conductivi-
ty measurements were made and those extracted from the
electrical resistivity literature for all other alloys of the
copper-nickel system. As shown in figure 2, the electrical re-
sistivity versus temperature curves for Ni+Cu alloys change
slope abruptly at the Curic temperature of the alloys. The
Curie temperature decreases as the concentration of copper
in the alloy increases. The ferromagnetism disappears and
the Curie temperature drops to zero as the concentration of
copper reaches 61.88% (60 At.%). The insert in figure 2
shows the Curie temperature as a function of percent copper
in nickel, which is a straight line for the atomic percent of
copper. Since the behavior of the electrical resistivity of these
alloys has a direct bearing on the behavior of the thermal
conductivity, the knowledge of the former is important to the
understanding of the latter.

The recommended thermoelectric power values for the
Cu+ Ni alloys and for the Ni+ Cu alloys are shown separately
in figures 3 and 4; these were likewise used in eq (12) for
calculation. Figure 4 shows also the Curie temperature of
each alloy as the point at which the slope of the curve
changes abruptly.

In order to demonstrate the validity and reliability of the
methods developed for the calculation of the thermal conduc-
tivity of alloys, a graphical comparison of the calculated
values with the experimental data for the thermal conductivi-
ty of sume of the alloys of the copper-nickel alloy system is
given in figure 5. The calculated values for each alloy are
shown as a short-dashed curve which is paired with the exper-
imental curve for the same alloy. For each of these alloys both
the experimental thermal conductivity and electrical resistivi-
ty data are available, and the calculated thermel conductivity
values were obtained by using the author’s electrical resistivi-
ty data directly for the calculation of the electronic compo-
nent, with the lattice component cbtained by quadratic inter-
polation of the lattice thermal conductivity values given in
table 11 for the selected fixed compositions. The measure-
ment information on these alloys can be found in table 12 for
the Cu+Ni alloys and table 13 for the Ni+Cu alloys by referr-
ing to the corresponding curve numbers indicated in figure 5.

J. Phys. Chem. Ref. Data, Vol. 7, No. 3, 1978
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It can be seen from figure 5 that the calculated values
agree very well with the data of Smith and Palmer [49]
(Cu+Ni curves 6 and 7), of Berman [70] (Cu+Ni curve 21), of
Mikryukov [144] (Cu+Ni curve 43), and of Kierspe [83]
(Cu+Ni curve 67) to within 1 to 2%, agree with the data of
Barratt [127] (Cu+Ni curve 12), of Zimmerman [130] (Cut+Ni
curve 17), and of Aoyama and Ito [134] (Cu+Ni curve 36) to
within 310 5%, and agree with the data of Smith [45] (Ni+Cu
curve 3) to within 6%. The calculated values are in agree-
ment to within 4% with the data of Griineisen and Goens
[128] (Cu+Ni curve 13) at 83 K but are 10% above their data
at 21 K. Their experimental data at 21 K is believed to be low
since this thermal conductivity data is inconsistent with their
electrical resistivity data and since their other similar meas-
urements at 21 K on Cu+Au, Au+Cu, Cu+Pd, and Pd+Cu
alloys are also low.

The data of Sager [77] (Cu+Ni curves 10 and 11) are good
examples for showing the inconsistency between the thermal
conductivity and the electrical resistivity data and for con-
vincing that calculated thermal conductivity values can be
much more accurate than the experimental data. At the lower
temperature end the differences between Sager’s data and
the thermal conductivity values calculated from his own elec-
trical resistivity data for the two alloys are only 3% (Cu+Ni
curve 10) and 7% (Cu+Ni curve 11). At higher temperatures,
however, his data increase very rapidly, and the differences
reach 31% and 104% at 990 K. By comparing the slopes of
his two experimental curves with those of other curves, it is
apparent that his thermal conductivity measurements were
much in error, which might very well be due to radiation heat
loss in his measurements.

Greig and Harrison [78] did not report electrical resistivity
data for their alloys directly and the data used for calculation
were derived from reported Lorenz number and thermal con-
ductivity data. This may cause some of the differences be-
tween their experimental thermal conductivity data (Ni+Cu
curves 11 and 12) and the calculated values, which mostly
amount to 5 to 15%. The discontinuity at 15 K in the calcu-
lated thermal conductivity values for Ni+Cu curve 1l is due
to the discontinuity in the electrical resistivity data used for
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calculation, but in reality there should be no such discon-
tinuity at 15 K.

As mentioned earlier, for those alloys for which experimen-
tal data on both thermal conductivity and electrical resistivity
were reported, the electrical resistivity data were used for the
calculation of %, values from eq (12), and k, values were
derived as the differences of the experimental k data and the
calculated k. values. Such derived ‘‘experimental’ k, values
for the copper-nickel alloy system at 300 K are shown in
figure 6 as data points, together with the calculated &, values
from eq (35) shown as a solid curve. The magnitude of the
calculated %, values depends on the selected k. values for the
elements copper and nickel, from which the k, values of the
virtual crystals of alloys were determined. As stated in section
2.2, experimental data on k, are available for copper but not
for nickel. White [91] reported an experimental value of k,T
for copper as 35.0 W cm™ at temperatures above 60 K and
this value was used in eq (35) for calculation. The value of kT
for nickel estimated from the modified Leibfried-Schlémann
equation (37) varies considerably depending upon the select-
ed value of the Debye temperature used in the calculation. It
can be seen from figure 6 that a higher value of £, for nickel,
which would make the calculated k, values higher especially
on the nickel-rich side, would render the calculated curve bet-
ter fitting to the experimental k, values for nickelrich alloys.
However, this would make the calculated &, values too high
for the copperrich alloys. The experimental k, values for
nickel-rich alloys as shown in figure 6 are known to be very
uncertain and those for copper-rich alloys are much more re-
liable. Between the two k,T values 52.5 and 45.0 W cm™ for
copper and nickel, the k, values of the virtual crystals of al-
loys were obtained by linear interpolation and used in eq (35)
for the calculation of k, values for all the alloys at
temperatures above the region of the maximum in k,.

Since it is of interest to observe the variation of thermal
conductivity with alloy composition at various temperatures,
the conductivity-composition isotherms for the copper-nickel
alloy system are presented in figure 7 together with some of
the experimental data. '
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4. Thermal Conductivity of Binary
Alloy Systems

In this work, the term “‘binary alloy system’’ refers to the
full range of composition of two alloying elements and is
signified by a hyphen between the two elements, such as alu-
minum-copper alloy system. The term “‘binary alloys™ refers
to a group of binary alloys in which the first alloying element
is predominant and is signified by a plus between the two ele-
ments, such as aluminum + copper alloys. In specifying the
composition of an alloy, weight percent is denoted by % and
atomic percent by At.%.

In each of the subsections that follow, the thermal con-
ductivity data and information for each alloy system are
presented in the following order: discussion text, figures for
comparing rccommended curves with experimental data for
selected alloys, tables of recommended values, figures pre-
senting recommended curves, figures presenting experimen-
tal data, and tables on specimen characterization and
measurement information.

In the discussion text on the thermal conductivity of each
alloy system, individual pieces of available data and informa-
tion are reviewed, details of data analysis and synthesis are
given, the considerations involved in arriving at the final
assessment and recommendation are discussed, the recom-
mended values and the experimental data are compared, and
the uncertainties of the recommended values are stated.

In the figures for comparing recommended thermal con-
ductivity values with experimental data for selected alloys
mentioned in the discussion text, the recommended thermal
conductivity values for the specific alloy compositions shown
as smooth solid curves were obtained by quadratic interpola-
tion of the recommended total thermal conductivity values
given in the table for the selected fixed alloy compositions.

The values given in the tables of recommended values in-
clude those of the total thermal conductivity, electronic ther-

mal conductivity, and lattice thermal conductivity. These.

values are designated either as recommended or provisional
values depending upon the level of confidence placed on the
values and, hence, upon the uncertainty assigned. The ranges
of uncertainties of recommended and provisivnal values are
less than +15% and between +15% and £30%, respectively.
Some of the lattice thermal conductivity values are desig-
nated -also as typical values, of which the uncertainty is
greater than +30%. In the tables the third significant figure
is given for the thermal conductivity values; this, however, is
only for internal comparison and for tabular smoothness and
should 1ot be considered indicative of the degree of accuracy
or uncertainty. The uncertainty of the values is always explic-
itly stated. For each of the alloy systems except two, the
values are given for 25 alloy compositions: 0.5, 1, 3, 5,
10(5)95, 97, 99, and 99.5%. The corresponding atomic per-
cent of each weight percent composition is also given. For
most of the alloy compositions, the values cover the tempera-
ture range from 4K to the solidus temperature or 1200 K. The
residual electrical resistivity of each alloy composition is alse
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given in the table, which is for the purpose of helping to
characterize and identify the alloy for which the thermal con-
ductivity values are given. The uncertainties of the total ther-
mal conductivity values for each alloy in different tempera-
ture ranges are stated in a footnote to the table.

The recommended thermal conductivity values presented
in this work are for alloys which are not ordered and have not
been cold worked severely. The values would be higher for
ordered alloys and lower at low temperatures for cold-worked
alloys.

In the figures presenting recommended thermal conductiv-
ity curves, continuous (solid) curves represent recommended
values and long-dashed curves represent provisional values.
The short-dashed portion of any of the above two kinds of
curves represents values in the temperature range where no
experimental thermal conductivity data are available. In six
of the 19 figures presenting the recommended curves, some
of the curves belonging to the other alloy group of the same
alloy system are also shown in the figure in order to show
more clearly the systematic variation of the thermal conduc-
tivity with alloy composition and to clarify the confusion in
the figure for the other group due to crossover of curves.

In the figures presenting experimental data, a data set con-
sisting of a single point is denoted by a number enclosed by a
square, and a curve that connects a set of two or more data
points is denoted by a ringed number. These numbers corre-
spond to those given in the accompanying tables on specimen
characterization and measurement information. When sever-
al sets of data are too close together to be distinguishable,
some of the data sets, though listed in the table, are omitted
from the figure for the sake of clarity.

The tables on specimen characterization and measurement
information give for each set of experimental data the follow-
ing information: the publication reference number, author’s
name (or names), year of publication, experimental method.
used for the measurement, temperature range covered by the
data, alloy name and specimen designation, alloy composi-
tion, specification and characterization of the specimen and
information on measurement conditions, which are contained
in the original paper. Whenever available, information on the
electrical resistivity has also been included. In these tables
the code designations used for the experimental methods for
thermal conductivity determinations are as follows:

Comparative method

Direct electrical heating method
Forbes’ bar method

Longitudinal heat flow method
Periodic or transient heat flow method
Radial heat flow method
Thermoelectrical method

R R Rl Ro e

The thermal.conductivity data and information for the ten
selected binary alloy systems are presented in the following
ten subsections.
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4.1. Aluminum-Copper Alloy System

The aluminum-copper alloy system does not form a contin-
uous series of solid solutions. The maximum solid solubility
of copper in aluminum is 5.70% (2.50 At.%) at 821 K and the
solubility decreases to 0.1-0.2% (0.04-0.08 At. %) at 523 K.

The maximum solid solubility of aluminum in copper is 9.4%

(19.6 At.%) in the range from about 650 to 838 K and the
solubility decreases at higher and lower temperatures. Thus
the region of solid solution is limited. However, the equation
derived for the calculation of the electronic component of
thermal conductivity, eq (12), is applicable to all phases,
though the equation for the calculation of the lattice compo-
nent, eq (35), can be used only for solid solutions, as noted
before in sections 2 and 3. As noted in section 3 the values for
the thermal conductivity of part of this alloy system are
derived from experimental data on specimens in which the
solid-solution phase was presumably frozen in. Hence, these
values may not always be reproducible and are therefore pro-
visional rather than recommended.

There are 188 sets of experimental data available for the
thermal conductivity of this alloy system. However, of the 49
data sets for Al+Cu alloys listed in table 3 and shown in
figure 12, ten sets are merely single data points around room
temperature and 27 sets cover only a narrow temperature
range from around room temperature to about 500 K. Of the
139 data sets for Cu + Al alloys listed in table 4 and shown in
figure 13, 20 sets are single data points, 15 sets cover the nar-
row temperature range from around room temperature to
about 500 K, and 84 sets are for temperatures below 4.5 K.

For the Al+Cu alloys, all measurements were made be-
tween room temperature and 800 K except four (Al+Cu
curves 6-8, and 16) which were measured down to about 80 K
for specimens containing 4.0, 8.0 and 15.0% Cu [41, 42] and
except the two (Al+Cu curves 25 and 26) of Satterthwaite
[43] who investigated the thermal conductivity of a specimen
containing 0.3% Cu in both the superconducting and normal
states between 0.4 and 1.2 K. In the present data analysis and
synthesis, a thermal conductivity versus composition curve
for 300 K was constructed following mainly the data of Grif-
fiths and Schofield [44] (Al+Cu curves 1-5), of Aliev
1116,168] (Al + Cu curves 31-33), and of Smith [45] (Al +Cu
curves 12-15). The measurements of Griffiths and Schofield
were selected because their specimens were well annealed
and their electrical resistivity data are consistent with their
thermal conductivity measurements. Smith did not report the
heat treatment, but his data are compatible in magnitude to
those of Griffiths and Schofield. The other measurements
were discounted either because the specimens were un-
annealed or unspecified, or due to-some experimental or the-
oretical considerations. For instance, Mannchen’s data [41]
(Al + Cu curves 6-8) were not taken into consideration since
his corresponding Lorenz function values were believed to be
too low. In the meantime, electronic thermal conductivity
values at 300 K for the selected alloys were calculated from eq
(12) and these £, values were also plotted on the conductivity-
composition graph. The difference between the experimental
total thermal conductivity k and the calculated electronic
component k. is the lattice component kg, and the k, values at

300 K for the various compositions were thus obtained from
the graph. These k, values were extrapolated to higher tem-
peratures up to the solidus temperatures according to the
temperature dependence of eq (35) and to lower temperatures
according to the pattern of k, curves of aluminum-copper
system derived from the available experimental & and the
calculated %, around the region of maximum k, and accord-
ing to T? dependence at lower temperatures assuming k, to
be negligible at 1 K. The values were then adjusted so that
the extrapolated &, values plus their corresponding k. values
yield total k values which fit the experimental data in those
regions. The total thermal conductivity values were then ob-
tained by adding the calculated values of k. to the adjusted
extrapolated values of £,.

For the Cu +Al alloys, several measurements were made
between 4 K and 80 K [48,50] (Cu+Al curves 111-126) for
alloys containing 0.43, 4.07, and 6.97% Al. The conductivity-
composition curve at 300 K was constructed, based mainly on
the data of Smith and Palmer [49] (Cu+ Al curves 2-9), Aliev
[116,168] (Cu+Al curves 59-67), and Smith [45] (Cu+Al
curves 16 and 17). The specimens of Smith and Palmer were
well-annealed and the results from [45] and [116] comple-
ment those of Smith and Palmer in forming the conductivity-
composition isotherm. The k. values were calculated from eq
(12) and those at 300 K were plotted on the conductivity-com-
position graph. The differences &, between £ and k. were ob-
tained for all compositions. These k, values were adjusted so
that their extrapolations to lower temperatures, according to
the method described above for Al+Cu alloys, fit the £,
values derived from experimental data of Chu and Lipschultz
[48] (Cu+ Al curves 111-121) and of Friedman [50] (Cu + Al
curves 122-126). Above 300 K the k, values were extrapolated
to the solidus temperatures. The total thermal conductivity
values were then obtained by adding the calculated values of
k. to the adjusted extrapolated values ot k.. Because of the
lack of experimental electrical resistivity data, no total k
values are given below 200 K for the alloy with 10% Al, below
300 K for the alloy with 15% Al, and at temperatures other
than 300 X for the alloy with 20% Al.

A graphical comparison of the recommended total thermal
conductivity values with selected experimental data is given
in figures 8 and 9. The smooth solid curves in these figures
were obtained by interpolating the recommended values of
table 2 in order to obtain thermal conductivity values for the
desired alloy compositions. For aluminum.rich alloys shown
in figure 8, the recommended values above room temperature
are in agreement with the data of Griffiths and Schofield [44]
(Al +Cu curves 1, 2, 4, and 5), of Smith [45] (Al +Cu curves
12-14), and of Mikryukov and Karagezyan |58} (Al + Cu
curves 20 and 21) to within 5%, and with the data of Smith
[45] for an alloy containing 50% Cu (Al+Cu curve 15) to
within 8%. No appropriate comparison can be made helow
room temperature. For the copper-rich alloys shown in figure
9, the recommended values at low temperatures are in agree-
ment with the data of Salter and Charsley [51] (Cu + Al curves
20, 22-25), of Chu and Lipschultz |48] (Cu +Al curves 111

-and 116), and of Friedman [50] {Cu + Al curve 122) to within

6%, and those at higher temperatures are in agreement with
the data of Smith and Palmer [49] (Cu + Al curves 2-9 and
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78) and of Aliev [116] (Cu+ Al curves 65 and 67) to within
10%. ‘

The resulting recommended values for £, k., and £, are
tabulated in table 2 for 25 alloy compositions. These values
are for alloys which have not been severely cold worked or
quenched. The values for k are also presented in figures 10
and 11. The recommended curves for copper-rich alloys con-
taining 25 to 45% Al are also shown in figure 10 in order to
show more clearly the systematic variation of the thermal con-
ductivity with alloy composition and to clarify the confusion
in figure 11 due to crossover of curves. For most of the alloy
compositions, the temperature range covered is from 4 K to

J. Phys. Chem. Ref. Data, Vol. 7, Ne. 3, 1978

the solidus temperature where melting starts. The values of
residual electrical resistivity for the alloys are also given in
table 2. The uncertainties of the & values are stated in a foot-
note to table 2, while the uncertainties of the k. and k, values
are indicated by their being designated as recommended,
provisional or typical values. The ranges of uncertainties of
recommended, provisional, and typical values are less than
+15%), between =15 and *30%, and greater than *30%,
respectively. The k, values are very uncertain and are merely
to serve as correction terms for the derivation of the total
thermal conductivities.
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4.2. Aluminum-Magnesium Alloy System

The aluminum-magnesium alloy sysiem does not form a
continuous series of solid solutions. The maximum solid
solubility of magnesium in aluminum is 17.4% (18.9 At.%}) at
723 K and the solubility decreases at higher.and lower tem-
peratures, being only 1.9% (2.1 At.%) at 373 K. The max-
imum solid solubility of aluminum in magnesium is 12.7%
(11.6 At.%) at 710 K and likewise it decreases at higher and
lower temperatures, being only about 1.5% (1.3 At.%) at 373
K. Thus the region of solid solution of this alloy system is
even more limited than that of the aluminum-copper alloy
system. As noted in section 3, the values for the thermal con-
ductivity of much of this system are derived from experimen-
tal data on specimens in which the solid-solution phase was
presumably frozen in. Hence, these values may not always be
reproducible and are therefore provisional rather than rec-
ommended.

There are 50 sets of experimental thermal conductivity
data available for this system. Of the 32 data sets for Al +Mg
alloys listed in table 6 and shown in figure 18, seven sets are
merely single data points. Of the data sets for Mg + Al alloys
listed in table 7 and shown in figure 19, ten sets are single
data points.

For the Al + Mg alloys, measurements were limited to spec-
imens containing no more than 15% Mg. Recommended
curves are, therefore, given for 0.5 to 10% Mg alloys only.
They follow the slopes of the data of Johnson [56] (Al +Mg
curves 5 and 6) and of Powell et al. [57} (Al + Mg curves 18-
22) at low temperatures, and in this region the data of Mohan
et'al. [190] on a binary Al +Mg alloy (Al +Mg curve 28) are
within 10% of the interpolated values from the recommended

curves. At higher temperatures the recommended curves fol-

low the trend of the high-temperature data of Mikryukov and
Karagezyan [58] (Al + Mg curves 8-11). The alloys measured

by Powell et al. are age hardened and since most of the im-

purities are heavier than Mg, there are fewer impurities per
atom than indicated and the error incurred is in the effective
Mg content scale. In addition, most of the weight of the
analysis was given o the higher Mg content alloys. In a con-
ductivity versus composition plot for 300 K, all the available
data are shown to he cangruous and eomplementary except
those of Johnson [56] (Al + Mg curves 5 and 6) for specimens
of uncertain composition and those from Materials Design
Engineering [123] (Al+Mg curves 16 and 17) for as-cast
specimens. A conductivity-composition curve at 300 K for 0 to
10% Mg is thus constructed based on those data which are in
agreement with one another. The k. values at 300 K were
calculated from eq (12), and the £, values at 300 K were
derived as the differences between k and k. values. These k,
values were extrapolated to higher temperatures up to the
solidus iemperatures according to the temperature depend-
ence of eq (35} and to lower temperatures according tc the
pattern of k, curves derived from the available experimental
k and the calculated £, around the region of maximum £, and
aceording to T? dependence at lower temperatures assuming
k, to be negligible at 1 K. The total thermal conductivity
values were than obtained by adding the extrapolated %, and
the calculated k..

For the Mg+Al slloys, no measurements were made below
85 K and none for alloys containing more than 14% Al. The

1. Phys. Chem. Ref. Dete, Vel 7, No. 3, 1978
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data of Smith [45] (Mg+Al curves 1 and 2) and of Kikuchi
[59] Mg+Al curves 8-13) were favored in consiructing the
conductivity-composition curve for 300 K. The data of
Staebler and Mannchen [41,124] (Mg+Al curves 3-5) were re-
jected because the values of the total Lorenz function cal-
culated from their thermal conductivity and electrical resis-
tivity results are obviously too large (3.25 to 3.65 10°°V?K™ at
73 K), which leads to the conclusion that their thermal con-
ductivity data are too high. Maybrey [60] did not measure
electrical resistivity, but his thermal conductivity data are in
the same neighborhood of magnitude as those of Staebler
and Mannchen, and are hence taken out of consideration.
The remaining measurements other than those of Smith and
of Kikuchi were made on specimens of nonspecific composi-
tion, and, therefore, would be given less weight in construct-
ing the conductivity-composition isotherm. It, then, left the
data of Smith and of Kikuchi as the basis for the construc-
tion. The k. values were calculated from eq (12) and those at
300 K were plotted on the conductivity-composition graph.
The k, values at 300 K were taken as the differences between
k and k, values. These k, values were similarly extrapolated to
lower and higher temperatures according to the appropriate
temperature dependences. The total thermal conductivity
values were obtained by adding these k, to the calculated £..
Since there is no information regarding where the maxima of
the k, curves occur, no k, values are given below 100 K and
hence no total k values are reported at low temperatures for
the dilute alloys, even though the k. values are known. The k&
values of the 5 and 10% Al alloys are given only in the range
between 250 and 350 K, since electrical resistivity values are
available only in this range.

A graphical comparison of the recommended total thermal
conductivity values with selected experimental data is given
in figures 14 and 15. The smooth solid curves in these figures
were ohtained by interpolating the recommended values of
table 5 in order to obtain thermal conductivity values for the
desired alloy compositions. For aluminum-rich alloys shown
in figure 14, the recommended values are in agreement with
the data of Powell et al. [57] (Al+Mg curves 18-20) at low
temperatures to within 10% and with the data of Meyer-
Rassler [122] (Al4+Mg curve 7) and of Mikryukov and
Karagezyan [58] (Al+Mg curves 8-11) at higher temper-
atures to within 8%. For magnesium-rich alloys shown in
figure 15, the recommended values are in agreement with the
data of Kikuchi [59] (Mg+Al curves 8-13), of Smith [45]
(Mg+Al curves | and 2), and of Giufiani [135] (Mg+Al curve
14) to within 6%.

The resulting recommended values for £, k., and k, are
tahulated in tahle § far 10 alloy compasitions. These vaiues
are for alloys which have not been severely cold worked or
quenched. The k values are also presented in figures 16 and
17. The values of residual electrical resistivity for eight of the
10 alloys are alse given in table o. The uncertainties of the k
values are stated in a footnote to table 5, while the uncertain-
ties of the &, and £, values are indicated by their being desig-
nated as recommended, provisional, or typical values. The
ranges of uncertainties of recommended, provisional, and
typical values are less than x15%, between %15 and *30%,
and greater than £30%, respectively. The &, values are very
uncertain and are merely to serve as correction terms for the
derivation of the total thermal conductivities.
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4.3. Copper-Gold Alioy System

The copper-gold alloy system forms a continuous series of
solid solutions over the entire range of compositions. Ordered
structures are formed at temperatures below about 663 K for
compositions ranging from about 40 to 63% Au (17.7 to 35.5
At.% Au) and at temperatures below about 683 K for compo-
sitions ranging from about 63 to 94% Au (35.5 to 83.5 At.%
Au). These ordered structures are due to the formation of the
intermetallic compounds CusAu (50.85% Au), CuAu (75.63%
Au), and CuAu; (90.30% Au). In this work only the thermal
conductivity data of disordered alloys are treated.

There are 75 sets of experimental data available for the
thermal conductivity of this alloy system. Of the 17 data sets
for CutAu alloys listed in table 9 .and shown in figure 24,
nine sets are merely single data points around room tempera-
ture. Of the 58 curves for Au+Cu alloys listed in table 10 and
shown in figure 25, 35 sets are single data points.

For the Cu+Au alloys, the data can be separated into three
groups: the low temperature data of Griineisen and
Reddemann [61] (Cu+Au curves 1 and 2) and of Kemp et al.
[62] (CutAu curves 8 and 9), the data of Sedstrém [63]
(CutAu curves 10-15) at the ice point, and the five points

around 440 K measured by Zolotukhin [65] (Cu+Au curves

3-7) for a partially ordered 5% Au. No data are available
above 470 K. Hence the experimental data are very limited.
To derive recommended values, the electronic component &,
was calculated from eq (12) and the lattice component &, was
calculated from eq (35). The total k was obtained by adding k&,
to k.. The recommended curves were extended to the solidus
points at high temperatures. The curves for alloys containing
10% Au or less were not extended to temperatures below 40
K because of the large uncertainties of the calculated k, val-
ues at low temperatures. For denser alloys, however, the
curves were extended to 4 K using £, values derived from the
data of Kemp et al. [62]. The &, values for dilute alloys are ex-
tremely uncertain at low temperatures and are not reported
helow 60 K. i

A graphical comparison of the recommended total thermal
conductivities with some of the experimental data for Cu+Au
alloys is given in figure 20. The smooth solid curves in the
figure were obtained by interpolating the recommended val-
ues of table 8 in order to obtain thermal conductivities for the
desired alloy compositions. The recommended values are in
agreement with the data of Kemp et al. [62] (Cu+An curves 8
and 9), of Leaver and Charsley [120} (Cu+Au curve 16), and
of Griineisen and Reddemann [61] (Cu+Au curve 2) to within
8%. Measurements of Sedstrom [63] (Cu+Au curves 12-15)
at the ice point tor a wide range of compositions ditter trom
the recommendations by no more than 10%.

The data for Sedstrom’s 44.76% Au specimen (Cu+Au
curve 10) show poor agreement, especially at 373 K, with the
recommendations and are not shown in figure 20. However,
the temperature dependence of both the thermal and elec-
trical conductivities of this specimen is at odds with all other
experimental data and may be safely discounted as errone-

ous. Similarly, the measurements of Griineisen and
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Reddemann [61] (CutAu curve 1) for a 24.8% Au specimen
are 10-20% higher than the recommendation and are not
shown in the figure. Since the recommended values are for
disordered allovs only, there can be no valid comparison with
the data of Zolotukhin [65] (Cut+Au curves 3-7) for a partially
ordered alloy.

For the Au+Cu alloys, the experimental data were mostly
obtained below the order-disorder transition temperature on
specimens in the ordering range, except for two measure-
ments made by Griineisen and Reddemann [61] (Au+Cu
curves 40 and 41) on specimens containing 1.57 and 3.10%
Cu at low temperatures and one made by Goff et al. [66]
(Au+Cu curve 56) on a disordered CusAu specimen. The rec-
ommended values for disordered alloys were derived from £,
calculated from eq (35) and £. calculated from eq (12) using
electrical resistivity data for disordered alloys. The recom-
mended curves were extended to the solidus points at the
high temperature end, but not below 40 K at the low temper-
ature end owing to the large uncertainties of the calculated &,
values at very low temperatures, except for the curves for
alloys with 45 and 50% Cu, which were extended to 4 K using
the &, values derived from the data of Kemp et al. [62]. The &,
values for alloys containing 40% Cu or less are very uncer-
tain at Jow temperatures and are not reported below 60 K.

The recommended total thermal conductivities for the
Au+Cu alloys are compared with some of the experimental
data in figure 21. Not all of the experimental data shown are
for fully disordered specimens. Due to poor experimental
data and a lack of data for disordered specimens, a detailed
quantitative comparison of the calculated values is not prac-
tical. However, the recommended values are within 5% of the
low temperature data of Griineisen and Reddemann [61]
(Au+Cu curves 38-41, 45, 46, and 48) for disordered
specimens or specimens quenched from above the ordering
transition temperature. Some of the data of Sedstrom [64]
(Au+Cu curves 21, 23, 27, and 29) are within 5% of the
recommendations. The agreement with the low-temperature
results of Goff et al. [66}(Au+Cu curves 56 and 58) is poor,
but from 60-300 K their measurements fall within 10% of the
recommendations.

The resulting recommended values for k, k., and k, are
tabulated in table 8 for 25 alloy compositions. These values
are for disordered alloys which have not been severely cold
worked or quenched. The values for k are also presented in
fignres 22 and 23. In order to clearly show the trend of the
dependence of the thermal conductivity on solute concentra-
tion and to clarify the confusion in figure 23 due to crossover
of curves, recommendations for alloys with 55-75% Au are
also displayed in figure 22 along with recommendations for
the CutAu alloys. The values of residual electrical resistivity
for the alloys are also given in table 8. The uncertainties of
the k values are stated in a foatnote to table 8, while the un-
certainties of the £, and k, values are indicated by their being
designated as recommended or provisional values. The
ranges of uncertainties of recommended and provisional
values are less than *£15% and between +13 and *30%,
respectively.
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4.4, Copper—Nickel ANoy dystem

The copper-nickel alloy system forms a continuous series of
solid solutions and is free of all tranformations except that of
ferromagnetism. As shown in figure 2, the electrical resistivi-
tyversus temperature curves for Ni+Cu alloys change slope
abruptly at the Curie temperature of the alloys. The Curie

‘temperature decreases as the concentration of copper in the

alloys increases. The ferromagnetism disappears and the

Curie temperature drops to zero as the concentration of cop-

perreaches 61.88% (60 At.%).

' Mott [3] has given an explanation of the ferromagnetic
chavior of these alloys based on the filling of holes in the d
and of nickel by the s electrons of copper. The d-shell in a
spper atom is completely occupied and there is a single s
lectron outside, whereas the 3d% band of a nickel atom is full
it there are 0.54 holes in the 3d} band; these d-band holes
ire the elementary magnets in nickel. The Curie témperature

s proportional to the number of elementary magnets per unit
7olume, which in nickel is thus 0.54 times the number of
ioms per unit volume. The density of states in the d band of
he nickel atom at the Fermi surface is approximately ten
imes greater than the density of states in the s band, so that

as copper is added to nickel about 9G percent of the extra s

electrons go to fill up the d band, and thus decrease the

number of elementary magnets per unit volume, until at 60

% Cu the d band of nickel is full, at which point the fer-
magnetism disappears and the Curie temperature drops to

K. The insert in figure 2 shows the Curie temperature as a

nction of percent copper in nickel, which is linear for the

:omic percent of copper. This straightline relationship was

etermined from the electrical resistivity data shown in

gure 2. The behavior of the electrical resistivity of these
loys has a direct bearing on the behavior of the thermal

»nductivity (see figure 29), and therefore the knowledge of

1e former is prerequisite io the understanding of the latter.

There are 153 sets of experimental data available for the

rermal conductivity of this alloy system. However, of the 104

ata sets available for Cu+Ai alloys listed in table 12 and

hown in figure 30, 27 sets are merely single data points and
5 sets cover only a narrow temperature range from around
oom temperature o about 500 K. Of the 49 data sets for
Vi+Cu alloys listed in table 13 and shown in figure 31, 23 sets
ire single data points. Furthermore, many sets of data show
large discrepancies.

- For the Cu+Ni alloys, the most reliable measurements at

room temperature were made by Smith and Palmer [49]

(Cu+Ni curves 1-7), surprisingly in 1935, for a set of well-

‘annealed alloys. Electrical resistivity data were also reporied

for the same specimens used for the thermal conductivity

measurements. These provided the basis for the easy separa-
tion of the lattice component from the measured thermal
conductivity.

Hulm [69] measured the thermal conductivity of an alloy
with 20% Ni below 25 K (Cu+Ni curve 15). Berman [70]
.measured thermal conductivity of a sample of Constantan
(40% Ni) below 100 K (Cu+Ni curve 21). Wilkinson and
Wilks [71] measured the thermal conductivity of an alloy with
30% Ni below 20 K (Cu+Ni curve 14). These three sets of low-
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temperature data appear to be reliable and consistent in view
of the cold-work condition of the 30% Ni specimen of Wilkin-
son and Wilks (curve 14)..

In the temperature range below 70 K, Erdmann and
Jahoda have measured the thermal conductivity of the Cu-Ni
alloy system several times [72-74] (Cu+Ni curves 52-55, 62-66,
68, and 84; Ni+Cu curves 13-19 and 21-23). One set of their
measurements [74] (CutNi curves 52-55 and Ni+Cu curves
13-19) is the only one that covers a wide range of composition
at low temperature. However, it was very difficult to evaluate
the reliability of their results. For copper-rich alloys, the lat-
tice thermal conductivities derived from their measured total
thermal conductivities are about 40% higher than those.
derived from other authors’ results. Since their samples
seemed to be the best annealed {at 930° C) among the alloy
samples, it had been thought that the lattice thermal conduc-
tivities of their samples might be higher than those of the
others because annealing could eliminate dislocations. How-
ever, after the effect of annealing on the electrical resistivity
and lattice thermal conductivity of binary: alloys had been
reviewed carefully, it was concluded that the differences are
too large to be accounted for by annealing. Furthermore,
around liquid helium temperature, the difference between
the lattice thermal conductivities of their own dilute and con-
‘centrated alloys are too large compared with those of other
measurmements. If their measured total thermal conductivi-
ties are connected to the total thermal conductivities above
300 K measured by other authors, the slopes of the
conductivity-temperature curves become negative between
100 and 300 K for concentrated alloys. This seems unlikely
for it does not occur in the conductivity-temperature curves
of the analogous silver-palladium alloys. Recent private com-
munication from Klemens [76] provided useful thermal con-
ductivity data for a copper alloy with 4 At.% Ni at
temperatures below 40 K (Cu+Ni curve 103). The sample was
annealed at 1075° C for 72 hours and slowly cooled. The
results also indicate that the lattice thermal conductivities of
Erdmann and Jahoda are too high at temperatures above
that of the maximum. of the lattice component although
they are in agreement with the results of others ai lower
temperatures. Consequently, the results of Erdmann and
Jahoda were not used in the present data synthesis at
temperatures above that of the lattice component maximum.

For Ni+Cu alloys, Sager [77] (Ni+Cu curves 1 and 2),
Smith [45] (Ni+Cu curves 3-6), and Sedstrém [63] (Ni+Cu
curves 7 and 8) have measured the thermal conductivity
around room temperature. There is some doubt about the re-
ported compositions of their specimens as the electrical resis--
tivity data reporied for the same specimens differ from those
obtained by other authors for alloys with the same nominal
compositions.

Greig and Harrison [78] measured the thermal conduc-
tivities of nickel alloys with 0.32, 0.6, 1.5, and 4.2 At% Cu
below 100 K (Ni+Cu curves 9-12). More recently Farrell and
Greig [79] studied the electrical resistivity and thermal con-
ductivity of a ncikel alloy with 0.31 At.% Cu below 100 K
(Ni+Cu curve 34). They concluded that the lattice thermal
conductivity of pure nickel is quite high and close to those of
dilute copper alloys.

J. Phys. Chem. Ref. Datg, Vol. 7, No. 3, 1978
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Chari [80] has suggested a method to separate the lattice
thermal conductivity from total thermal conductivity of pure
nickel and dilute nickel-thenium alloys above 400 K. There is,
however, doubt concerning his method of graphical separa-
tion of electrical resistivity into the instrinsic and magnetic
components, because the anomaly of the temperature de-
pendence of the electrical resistivity of the ferromagnetic
metals can be- explained by the ferromagnetic ordering of
metals below the Curie point. Many authors have tried to ex-
press the resistivities of the ferromagnetic alloys in the form
of g=g* (1+u), where u, the ferromagnetic ordering para-
meter, is negative and vanishes above the Curie point [167],
and p* represents the resistivity of ferromagnetic metal in the
absence of ferromagnetic ordering. In other words, o*
represents the resistivity of the ‘“normal’’ non-ferromagnetic
metal. Farrell and Greig [81] indicated that deviations from
Matthiessen’s rule due to spin mixing must be taken into ac-
count when analyzing the electronic transport properties of
nickel alloys.

In the present data synthesis, the electronic thermal con-
ductivities of the alloys were calculated directly from eq (12)
using the recommended electrical resistivity values from ref.
[7] and the recommended thermoelectric power values from
ref. [40]. This analysis does not include spin-disorder scatter-
ing in agreement with the treatment by Coles [189]. For those
alloys for which both the thermal conductivity and electrical
resistivity had been measured the electronic thermal conduc-
tivities were also calculated from eq (12) in order to separate
the lattice component from the measured total thermal con-

ductivity. The resulting “‘experimental’’ lattice thermal con-

ductivity data at low temperatures were used directly to
generate the low-temperature lattice conductivity values, and
those at moderate and high temperatures were used for the
adjustment of the lattice thermal conductivities of the virtual
crystals so that the calculated lattice conductivities are in
agreement with the experimental data.

At moderate and high temperatures, lattice conductivities
were calculated from eq (35). As stated previously in section
2.2, experimental data for k.., which are necessary as input for
eq (35), are available for copper but not for nickel. For cop-
per, White [91] reported an experimental value for ,T at
temperatures above 60 K as 35.0 W ¢m™ and this valuc was
used in eq (35) for the calculations. The value of kT for nick-
el estimated from the modified Leibfried-Schlémann equa-
tion (37) varies considerably depending upon the selected
value of the Debye temperature used in the calculation, and
the initial estimates of the value of k,T range from 21 to 31 W
cm™. A final value of 30.8 W cm™ was determined by using
the various values for the calculations of the lattice conduc-
tivities and comparing the calculated values with the experi-
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mental data as shown in figure 6 and discussed previously in
section 3. From the two k,T values for copper and nickel the
k, values of the virtual crystals were estimated and used in eq
(35) to generate lattice conductivities for all the alloys at
temperatures above the region of the maximum in k,.

A graphical comparison of the recommended total thermal
conductivity values with selected experimental data is given
in figures 26 and 27. The smooth solid curves in these figures
were obtained by interpolating the recommended values of
table 11 in order to obtain thermal conductivities for the
desired alloy compositions. For copper-rich alloys shown in
figure 26, the recommended values are in agreement with the
data of Smith and Palmer [49] (Cu+Ni curves 1-7), of Bouley
et al. [76] (Cu+Ni curve 103), of Zimmerman [130] (Cu+Ni
curves 17 and 20), and of Willett [146] (Cu+tNi curve 99) to
within 5%, and with the data of Kierspe [83] (Cu+Ni curve
67), of Berman [70] (Cu+Ni curve 21), and with some of the
data of Mikryukov [144] (Cu+Ni curves 44 and 72) to within
12%. For nickelrich alloys shown in figure 27, at high
temperatures the recommended values agree with the data of
Smith [45] (Ni+Cu curves 3-0) and of Jackson and Saunders
[147] (Ni+Cu curve 20) to within 12%. At low temperatures
there is conflict between different sets of experimental data
and the agreement of the recommendations with the data is
less satisfactory. The large difference between the data of
Erdmann and Jahoda [74] (Ni+Cu curve 19) and those of
Greig and Harrison [78] (Ni+Cu curve 9) for an alloy of the
same composition, for example, illustrates the large discrep-
ancies in the results of different investigators. For alloys with
about 4% copper, the data of Erdmann and Jahoda [74]
(Ni+Cu curve 18) and of Greig and Harrison [78] (Ni+Cu
curve 11) both agree with the recommendations to within
10%, but at other solute concentrations, the recommenda-
tions receive little direct experimental support. The thermal
conductivity values in this range are consequently provi-
sional.

The resulting recommended values for £, k., and k, are
tabulated in table 11 for 25 alloy compositions covering the
temperatures from 4 to 1200 K. These values are for alloys
which have not been severely cold worked or quenched. The
values for k are also presented in figures 28 and 29. The
values of residual electrical resistivity for the alloys are also
given in table 11. The uncertainties of the thermal conductiv-
ity values are stated in a footnote to table 11, while the uncer-
tainties of the k. and £, values are indicated by their being
designated as recommended, provisional, or typical values.
The ranges of uncertainties of recommended, provisional,
and typical values are less than +15%, between +15 and
+30%, and greater than =30%, respectively.





